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A STANDARDIZED BREATH HOLDING TECHNIQUE FOR THE 
CLINICAL MEASUREMENT OF THE DIFFUSING CAPACITY 
OF THE LUNG FOR CARBON MONOXIDE?* 


By C. M. OGILVIE,? R. E. FORSTER,? W. S. BLAKEMORE,‘ ann J. W. MORTON 5 


(From the Departments of Physiology and Pharmacology, and Anesthesiology, the Graduate 
School of Medicine, and the Harrison Department of Research Surgery, School of 
Medicine, University of Pennsylvania, Philadelphia, Penna.) 


(Submitted for publication April 16, 1956; accepted Avgust 13, 1956) 


Previous publications from this laboratory have 
described (1, 2) a modification of the Krogh breath 
nolding technique for measuring the pulmonary 
diffusing capacity for carbon monoxide (D,).® 
This test can be performed quickly and simply and 
does not require arterial blood analyses. It has 
recently (2) been shown to provide an index of 
pulmonary diffusing capacity similar to that given 
by the Dro, method of Lilienthal, Riley, Proemmel, 
and Franke (3) and the “steady state” method of 
Filley, MacIntosh, and Wright (4). The purpose 
of the present report is to enumerate some of the 
factors that affect Dz, to describe a standardized 


technique for its measurement, and to present 


1 Supported by a grant from the Life Insurance Medical 
Research Fund. 

2 Travelling Fellow of the Postgraduate Medical Fed- 
eration, University of London. Present address: The 
London Hospital, London. 

3 Lowell M. Palmer Senior Fellow. 

# Scholar in Cancer Research of the American Cancer 
Society. 

5 Present address: Division of Tuberculosis Control, 
Willow Chest Center, 2647 Willow Street, Vancouver 9, 
B, 

6 Since the combination of CO with intracellular hemo- 
globin occurs at a rate that offers an appreciable, and 
under some conditions the major, part of the resistance to 
the uptake of CO in the lungs (5, 6) it is desirable to 
distinguish between the “true” diffusing capacity, or that 
of the pulmonary capillary membrane alone (Dm), and 
the apparent diffusing capacity of the whole lung (Dx). 
These are related by the equation 1/Di = 1/Dm+ 1/@Vo 
where @ is the rate of combination of CO with intracor- 
puscular hemoglobin in ml. per min. per mm. Hg CO 
tension per ml. blood, and Vc is the volume of blood in 
the pulmonary capillaries at any instant. @ decreases as 
O, tension increases (7), causing Dx to decrease, since Dm 
and Vo are presumably relatively independent of alveolar 
O, tension (8). Normally a further subscript of CO or 
O, would be used to indicate the gas to which the meas- 
urement applies. However, in this article, which is mainly 
concerned with CO, the subscript is omitted and can be as- 
sumed to be “CO” unless otherwise stated. 


normal values of Dy as well as values in patients 
with various chest diseases. 


METHODS 


The technique for the measurement of D1, which has 
been reported before (1, 2), consists essentially of hav- 
ing the subject make a maximal inspiration of a gas 
mixture containing 10 per cent helium (He), 0.3 per 
cent CO and approximately 21 per cent O, in N, from 
the level of his residual volume, hold it for a measured 
time, and then rapidly expire. All of this expiration 
except the first liter is coliected in a bag by the operator 
and analyzed as alveolar gas. The CO concentration 
which was present in this sample before any CO had been 
absorbed in the lungs is calculated from the dilution of the 
inspired He according to the equation, 


He concentration in the 
expired alveolar sample 


Inspired He concentration 
X Inspired CO concentration (1) 


Initial COconcentration 
in the expired alveolar 
sample 


Knowing the change in CO concentration in the alveolar 
sample during the period of breath holding, Dx can be 
calculated from Krogh’s equation (9). 


[ In ml. COSTPD 
© | Min. Xmm. Hg CO tension 
wt Alveolar volume (STPD) 60 
Time in seconds X (barometric pressure — 47) 


Initial CO concentration in the 
expired alveolar sample 
Final CO concentration in the 
expired alveolar sample 


Natural logarithm 


(2) 


The apparatus used for the test is illustrated in Fig- 
ure 1. It differs from that reported previously (1, 2) 
mainly in its greater simplicity; in these previous com- 
munications the expired alveolar He and/or CO concen- 
trations were measured at the mouth by recording ana- 
lytical instruments. The circuit is closed, permitting in- 
spiration from the bag of the Donald-Christie apparatus 
and expiration into the space around the bag, a spirometer 
recording the change in respiratory volumes. Tap (A) 
is used by the operator for collecting the expired alveolar 
sample. S.ace the gas mixture is inspired from the level 
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6 L. SPIROMETER 


TAP 8 


25 L. BAG-IN-BOX 


DraGRAI OF THE APPARATUS FOR MEASURING 
Dz In PATIENTS 


Fie. 1. 


of the residual volume, the alveolar volume equals the 
residual volume,? which was measured by a modification 
of the He closed-circuit technique (10) or by the nitrogen 
wash out method (11), plus the inspired volume, which 
was measured directly from the spirometer tracing. The 
duration of breath holding was timed from the start of 
inspiration to the start of the collection of the alveolar 
sample as measured on the spirometer tracing (paper 
speed 0.44 cm. per second; precision + 0.1 seconds). A 
breath holding period of ten seconds was chosen because 
this is long enough to produce an accurately measurable 
fall in alveolar CO concentration and yet is well within 
the breath holding limits of most patients. 

As previously described (1), the alveolar gas samples 
were analyzed for CO in an infra-red analyzer,® after 
passing over calcium chloride. Correction for CO, in- 
terference should be made where necessary but the CO, 
sensitivity of the analyzer used in these studies was found 
to be negligible, 5 per cent CO, producing a deflection 
equivalent to less than 0.0005 per cent CO. Readings of 
percentage CO were precise to within + 0.001 per cent. 

The alveolar gas samples were analyzed for He in a 
catharometer.? Since the catharometer actually meas- 
ures the total thermal conductivity of the gas mixture, 
changes in the concentrations of O., N, (argon included) 
and CO, will affect the measurement, in addition to 
changes in the concentration of He. It was sufficiently 
accurate to make standard corrections for the presence 
of O, and N,, but for CO, it was necessary to measure 
the relative thermal conductivity of the gas sample before 
and after absorption of CO,. The analyses of He were 
precise to within + 0.05 per cent. About 300 ml. of gas 
were required for the analysis of CO and He. 

A test and a duplicate could be completed within 5 to 
10 minutes, but an additional hour was required for the 
gas analyses and calculations. This does not include the 
time needed to estimate the residual volume. In an ef- 
fort to obviate this latter measurement we attempted to 


™ More properly, the respiratory dead space should be 
subtracted from the residual volume. We have neglected 
this correction, which leads to an overestimate of Dz by 
about 3 per cent in normals. 

8 Liston-Becker, Stamford, Conn. 

® Cambridge Instrument Company, Cambridge, England. 


calculate the residual volume from the inspired volume 
and the dilution of He in the expired alveolar sample, 
but found that uneven distribution of inspired gas ren- 
dered the resulting value so unreliable as to be useless in 
all but extreme circumstances. 

A motor-driven treadmill set at a gradient of 8 per 
cent was used for all exercise studies at speeds up to 4.5 
miles per hour. For the measurement of minute volume 
and O, consumption during exercise breathing air, the 
expired gas was collected in a 300-liter rubber bag 
through a low resistance valve. The volume of this gas 
was measured in a spirometer and the N., O, and CO, 
concentrations analyzed in a Scholander apparatus (12). 
O, consumption was calculated from these data. 

Determinations of lung volumes, including residual 
volume, maximum breathing capacity, maximal expira- 
tory and inspiratory velocities between 200 and 1200 ml. 
by the method of Danzig and Comroe (13) and uniformity 
of distribution of inspired gas by the single breath method 
of Comroe and Fowler (14) were performed on each pa- 
tient in the pulmonary function laboratory. Subject 22 
and Patients 2, 8, 11 and 24 were studied by broncho- 
spirometry and Dy measured in each lung. 


SUBJECTS 


Twenty-eight normal subjects (Table I), 16 males and 
12 females, ranging in age from 8 to 72 years and in sur- 
face area from 0.98 to 2.12 square meters were studied. 
Most of these subjects were either physicians or labora- 
tory personnel, who had no significant history of pulmo- 
nary or cardiac disease, were able to exercise without dis- 
comfort, and reported no pulmonary abnormalities by 
x-ray or physical examination. The remaining subjects 
had no significant pulmonary disease by history, physical, 
or X-ray examination. 


RESULTS AND DISCUSSION 


A. Some Factors Influencing D; and Their 
Control 


None of the subjects or patients experienced any 
difficulty in performing the test and all were able 
to hold their breath for the ten-second period. 
However, a number of factors either affected, or 
might be expected to affect, Dy, as measured by the 
present technique. These factors, their importance 
in obtaining reproducible estimates of Dy, and the 
measures that were taken to control them are dis- 
cussed below. 


Measurement and duration of the breath holding 
period 


It can be seen from Equation 2, that any error 
in the measurement of the time of breath holding 
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TABLE I 
Dz in healthy subjects—trelationship to age, sex and body size 


Height 


Group Subject inches 


Weight 
pounds 


No. of Mean D1* in 
observations ml. 
of Di min. Xmm. Hg 


Young Normal 
(8-35 years) 


Male 


ana 


un 
oo 


Ne 


— 
ESESES 


Mean 


x 


a 
NS 


Female 12 
13 


NED 


7 
2 
5 
2 
2 
9 
2 
2 
6. 
1.45 8 
2.12 2 
5 
2 
2 
2 
2 
3 
3 
3. 


NS 


Old Normal 
(43-72 years) 


Male 


SSALSZ 


49 
62 
68 


SOO] 


59.7 


n 


RYN] 


* Coefficient of variation of a single observation in the same individual, including day to day variability, is 8.5 per 


cent. 
t 


t lung alone: 


will produce a proportional error in Dy. The 
duration of breath holding was measured with a 
precision of about 1 per cent which results in a 
permissible error in Dy. 

Theoretically, the duration of breath holding 
should not influence Dy, provided the time is meas- 
ured correctly. However, D, measured at differ- 
ent breath holding times, from 5 to 14 seconds in 
Subject 3, is plotted against duration of breath 
holding in Figure 2 and definitely decreases as 


Right lung alone: 11.3, 10.9 ml. per min. per mm. Hg. 
Left 9.4, 9.9 ml. per min. per mm. Hg. 


duration of breath holding increases. This is in 
agreement with earlier experiments on the alveolar 
CO disappearance curve, and is most probably 
due to the uneven distribution of capillary diffus- 
ing surface throughout the lung (1, 15). For this 
reason a ten-second period of breath holding has 
been used in these studies. While Dy so obtained 
may not have the proper absolute value, as a first 


_ approximation it should be valid for comparative 


purposes. The breath holding time is not ex- 


| 
Surface 

ge area 
164.0 
156.0 
134.0 
165.0 
175.0 
157.0 
61.0 
72.0 
175.0 
170.0 A 
59.0 
25.6 65.6 135.3 1 
P| 23 62.5 102.0 1 
27 67.5 215.0 
14 20 64.5 116.0 1 V, 
15 22 65.0 140.0 2 
16 21 70.0 124.0 8 
17 26 65.5 109.0 4 ‘ak 
18 30 70.5 140.0 1 
19 26 65.0 122.0 8 
| 20 18 67.0 178.0 9 } 
Mean 23.7 66.4 138.4 24.0 
(21 43 118.0 1.56 21.8 
22 70 141.0 1.76 24.6¢ ; 
23 44 125.0 1.62 24.2 
24 72 131.0 1.60 20.5 ce 
25 44 151.0 1.71 29.4 . 
Mean 54.6 133.2 1.65 " 24.1 j 
Female 26 116.5 1.49 22.0 a 
27 123.0 1.62 18.5 : 
28 160.0 1.74 21.7 
Mean 133.2 1.62 20.7 
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tremely critical ; D, measured at 9 seconds was 1.6 
per cent more and at 11 seconds was 1.6 per cent 
less than its interpolated value at the standard 
breath holding time of 10 seconds (Figure 2). 
The untrained subject takes about 1.5 seconds to 
inspire the gas mixture containing CO, less than a 
second to expire the volume of gas needed to wash 
out his respiratory dead space (750 ml. or more), 
and between one and two seconds to deliver an 
adequate (300 ml.) alveolar sample. The period 
of breath holding was measured from the beginning 
of inspiration to the beginning of expiration of the 
alveolar sample (after the dead space wash out) 
because this approximates the average period the 
gas molecules were in the lung. If inspiration is 
prolonged, this estimate of the average time the 
CO molecules were in the lung will be too great, 
since much of the CO will not have been in the 
lung for this period and Dy, will be underestimated. 
When inspiration was slowed to the extent that it 
occupied over half of the 10-second period of 
breath holding, Dy decreased a maximum of 13 per 
cent in Subject 3, falling from a control value of 
30.3 to 27.6 and 26.3 ml. per min. per mm. Hg. 
In addition, inspiration is almost never slowed to 
this degree in disease states, so that errors from 
this cause are probably small. If expiration is 
prolonged, a more common clinical finding, the 
major effect is to increase the period of collection 
of the alveolar sample. Since this period is not 
included in the measured time of breath holding, 
the latter will in effect be underestimated and Dy 
will be overestimated. Also, slowing either in- 
spiration and/or expiration will decrease the true 


average alveolar volume during breath holding to 
something less than that assumed, i.e., residual 
volume plus total inspired volume, which will pro- 
duce an overestimate of true Dy. The actual dis- 
tortion of Dy depends on the summation of these 
various effects, and was investigated empirically in 
two subjects who voluntarily altered their rate of 
delivery of the expired sample. The time needed 
to wash out the respiratory dead space was main- 
tained at about 1.0 second representing a flow rate 
of approximately 750 ml. per sec. or 45 L. per 
min., which most patients can develop for at least 
the first part of expiration. 

Dy was 30.9, 32.0 and 36.1 ml. per min. per 
mm. Hg with collection periods of 2.1, 4.5, and 8.1 
seconds, respectively, in Subject 3, and 33.3, 37.0, 
40.8, and 42.4 ml. per min. per mm. Hg when the 
collection periods were 1.0, 3.1, 3.6, and 6.5 sec- 
onds, respectively, in Subject 6. We concluded 
that while the duration of the period of collection 
is uot extremely critical, it should be kept less than 
2 to 3 seconds, making the total time of expiration, 
including the time for dead space wash out, less 
than 3 to 4 seconds. The time for dead space 
wash out plus sample delivery was measured in 
nine patients, many of whom had obstructive dis- 
ease (Patients 1, 2, 11, 12, 17, 19, 22, 25 and 28), 
without attempting to shorten the time of expira- 
tion. In all but one of these patients, an adequate 
sample was collected in a total expiratory time of 
less than 3.8 seconds, the remaining patient re- 
quiring 4.9 seconds. As a practical matter, the 
duration of the period of collection of the sample 
is within the control of the operator, since he 
starts and stops the collection by turning Tap A 
(Figure 1). Only a small additional amount of 
gas is expired after the dead space has been 
washed out (1 second) and 2 additional seconds of 
expiration have transpired. 


The portion of the expired alveolar gas sampled 


The first 750 ml. of each expiration were dis- 
carded, as this volume is needed to wash out the 
dead space gas (16). This makes it difficult to use 
the present technique in patients with a vital ca- 
pacity much less than a liter; approximately 750 
ml. being used to clear the dead space and ap- 
proximately 300 ml. being needed for the analyses. 

The present technique consists of calculating, 
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from the dilution of the inspired He concentration, 
the CO concentration that existed in the expired 
sample while it was in the lungs and before any CO 
had been absorbed by the blood. While this is 
valid in the presence of uneven distribution of in- 
spired gas, the question arises whether the particu- 
lar alveolar sample collected is representative of the 
whole lung in regard to diffusing capacity. Evi- 
dence has been published (1) that the ratio, pul- 
monary diffusing capacity/alveolar volume, is not 
the same throughout the lung. It is also known 
that the early portions of an expiration are derived 
from better ventilated alveoli than the later por- 
tions (16), so it might be expected that the differ- 
ent parts of the expired breath would come from 
regions of varying diffusing capacity. 

To answer this question, Dy, was estimated from 
samples collected after 1 liter had been expired 
(early sample) and after 2.5 liters had been ex- 
pired (late sample) in six normal subjects and in 
Patients 4 and 6, who had chronic obstructive 
emphysema. The data are given in Table II. In 
all but two individuals Dy was higher in the later 
sample, the average increase being about 10 per 
cent, a significant change (probability less than 
0.05 but greater than 0.01). Some allowance 
should be made for the fact that expiration took 
longer and, as discussed above, estimated Dy would 
increase from this cause alone in those experiments 
in which late samples were collected. While the 
data suggest that the later parts of an expiration 
come from alveoli with slightly greater ratios of 
D, to alveolar volume (Vq), the change is not 
very large and should be investigated further with 
more precise experiments. We conclude that for 
clinical use it will probably not make any signifi- 
cant difference as to which part of the expired 
alveolar gas is used to measure Dy,, because the 
data here, obtained under grossly exaggerated 
circumstances, show an average change in Dy, of 
only 10 per cent. In many patients there is only 
sufficient expired volume for one 300-ml. alveolar 
sample in any case. If a large expired volume is 
available, the alveolar sample is collected from the 
second liter. 

An interesting question is why, if different parts 
of the breath contain differing contributions from 
the ‘poorly ventilated’ and ‘well ventilated’ alveoli, 
and if there is indeed non-uniform distribution of 
D, among the different alveoli, is there not more 


of a difference between the values of Dz, obtained 
from the early and late parts of the breath? The 
present experiments were performed mainly to 
ascertain whether this factor is of great importance 
in making measurements in patients using the 
present technique and apparatus and not to give 
a quantitative answer to this problem. However, 
it should be pointed out that even if inspired gas 
is distributed unevenly to the different alveoli, if 
it is distributed without regard to the diffusing 
capacity of each alveolus, any sample of expired 
alveolar gas will give the same value of Dy, as any 
other, albeit not the correct total Dy. 


Intrathoracic pressure 


During the period of breath holding the glottis 
is normally closed and either the chest is relaxed, 
being supported by the contained gas, or actually 
develops expiratory force. In both cases intra- 
thoracic pressure rises, which might impede venous 
return and decrease cardiac output tending to de- 
crease (2-4, 17,18). In order to determine the 
sensitivity of Dy to changes in intrathoracic pres- 
sure, simultaneous measurements of Dy, and intra- 
esophageal pressure were made in three normal 
subjects during a Valsalva maneuver. In Subject 
3, when intraesophageal pressure rose 37 mm. Hg, 
D, did not change from its control value of 29.4 
ml, per min. per mm. Hg. In Subject 6 when in- 
traesophageal pressure rose 64 mm. Hg, Dy, de- 


TABLE II 


Effect upon Dz of sampling different parts of the 
expired alveolar gas 


Dui 
ml. 
min. Xmm. Hg 


Subject Diagnosis 


Normal 
Normal 
Normal 
Normal 
Normal 
22 Normal 
Pt.4 Emphysema 
Pt. 6 Emphysema 


Mean 


* Early sample: mean volume of 1.0 liters expired before 
sampling. 

t Late sample: mean volume of 2.5 liters expired before 
sampling. 


‘ 
| 
Early Late 
alveolar alveolar 
sample* samplet 
22.6 25.1 
36.9 38.6 i 
31.0 30.3 if 
38.3 44.6 
18.8 17.8 1 
24.6 29.2 
20.5 22.6 § 
32.3 34.2 | 
27.5 30.3 
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creased from 37.4 to 33.2 ml. per min. per mm. Hg 
and in ABD, one of our colleagues, when intra- 
esophageal pressure rose 44 mm. Hg, Dy decreased 
from 36.7 to 30.5 ml. per min. per mm. Hg. Since, 
under these extreme conditions, D, decreased a 
maximum of 17 per cent, it is unlikely that the 
variations in intrathoracic pressure normally en- 
countered during breath holding would be a major 
cause of changes in Dy. 

As stated in the discussion of the variations in 
Dy with body position (vide infra), a 100 per cent 
increase in cardiac output during exercise is as- 
sociated with about a 30 per cent increase in Dy. 
We assume that the changes in intrathoracic pres- 
sure in these experiments were either not great 
enough or not of sufficient duration to produce 
changes in cardiac output of this magnitude. 


Effects of variation in lung volume 


Krogh (9) reported that Dy increased propor- 
tionally to alveolar volume above midcapacity 
which if true would necessitate correcting the 
measured values of D, to a standard volume in the 
manner she did. However, other work from this 
laboratory (19) suggests that Dy, does not change 
markedly with lung volume, but rather that 
Krogh’s results were exaggerated by the uneven 
distribution of inspired gas. In order to clarify 
this particular point for the exact conditions of the 
test, D, was measured at different alveolar vol- 
umes in five normal subjects and the data are 
presented in Table III. When alveolar volume 
increased an average of 56 per cent, Dy increased 
an average of only 9 per cent, while according to 
Krogh’s data the increase should have been ap- 


proximately 50 per cent. For this reason we have 
made no corrections for differences in lung volume. 


Position of the body 


The Dy of seven healthy subjects was measured 
in the supine, sitting and (except for one subject) 
standing positions. The results are presented in 
Table IV. The appropriate position was adopted 
for five minutes before each test. D, was greater 
in the supine than in the sitting position in all 
seven subjects (a significant change; probability 
less than 0.01) and higher in the sitting than in the 
standing position in five out of six subjects (not a 
significant change; probability 0.11). Since the 
values for residual volume used in the calculation 
of Dy were measured in the sitting position, the 
significance of the changes in Dy depends on the 
constancy of the residual volume with changes in 
position. Therefore, the original calculations of 
Dy have been ‘corrected’ assuming a 20 per cent 
decrease in residual volume on changing from a 
sitting to a standing position and a 30 per cent in- 
crease on changing from a sitt/ng to a supine posi- 
tion, the largest changes iz: residual volume re- 
ported in the literature (20, 21). When the cor- 
rections were applied, D; was still found to be 
greater in the supine than in the sitting position in 
six out of seven subjects, but there was no longer 
a significant alteration on changing from sitting 
to standing. We measured the residual volume of 
Subject 9 (whose Dy decreased most on standing) 
by the method of Darling, Cournand, and Richards 
(11) in the sitting, standing, and supine positions 
and found nro significant change (1168, 1250, and 
1178 ml. BTPS, respectively). We concluded 


TABLE III 
Dependence of Dz on alveolar volume 


Small alveolar volume* 


Alveolar 
Di 


ml 


Subject min. Xmm. Hg 


Large alveolar volume* 


Alveolar 
volume Di 


mi. 
min, Xmm. Hg 


mi. 
STPD 


28.4 
31.2 
42.8 
16.1 
23.8 


Average change 


* Data are single values of Dt. 


i 

% 
3 2,980 4,700 32.1 +13 
a 4 3,240 5,060 33.1 +6 i 
a 9 3,260 5,160 36.1 —16 | 
ar 12 2,385 3,490 19.0 +18 

Fe 14 2,910 4,690 29.6 +24 
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TABLE IV 
The effect of change in position upon Dz 


Di 
ml. 
min. Xmm. Hg 
Supine Standing 
Subject Sitting “Uncorrected"’ **Corrected’’* “Uncorrected 
1 25.4 30.5 28.8 22.5 23.8 
3 30.7 34.4 32.8 29.8 32.2 
4 $i.2 37.0 34.2 25.7 28.9 
9 37.7 40.6 38.1 30.6 33.3 
12 17.2 20.7 18.9 18.2 20.1 
13 36.6 43.0 40.0 
14 31.3 32.4 30.2 29.9 32.2 
Mean 30.0 34.1 31.8 26.2 28.4 


* Dx calculated on the assumption that the change from the sitting to supine position produces a 20 per cent reduc- 
tion in residual volume and from sitting to standing a 30 per cent increase in residual volume. 


that Dy was probably greater in the lying than in 
the sitting position, and possibly greater in the 
sitting than in the standing position, and, for pur- 
poses of comparison, have made all measurements 
of Dy, sitting. The possibility that changes in 
cardiac output alone caused the observed changes 
in Dy in the different positions was unlikely for the 
following reasons. In a recent study by Donald, 
Bishop, Cumming, and Wade (22) cardiac output 
was found to increase 6 to 7 per cent on changing 
from the sitting to the supine position. Accord- 
ing to other data of this same group (23) cardiac 
output breathing air would approximately double 
when O, consumption was increased to 2000 ml. 
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Fic. 3. THe Recovery oF Fottow1nc Exercise 

The exercise consisted of walking at 4% miles per hour 
on an 8 per cent gradient and corresponded to an O, con- 
sumption of about 2500 ml. per min. 


per min. from rest. According to the data in Fig- 
ure 4, relating Dy and O, consumption during ex- 
ercise, a 100 per cent increase in cardiac output 
produces about a 30 per cent increase in Dy. If 
this relationship were linear the effect of a 6 per 
cent increase in cardiac output would be hardly 
measurable. 


Variation in D, with alveolar O, tension 


Dy decreases as alveolar O, tension is raised (1) 
presumably because the resultant rise in capillary 
O, tension decreases the rate of the combination 
of CO with intracorpuscular hemoglobin (6, 7) 
(see Footnote 6). Dy, measured while breathing 


60) 6 susvect 9 
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Dz 1n RELATION TO O, CONSUMPTION DURING 
EXERCISE 

The figures within the circles indicate the duration of 
exercise in minutes at the time of measurement. The 
measurements were made at rest, and during exercise at 
3, 4, and approximately 5 miles per hour on an 8 per cent 
gradient. 
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approximately 100 per cent O, may be as low as 
half its value breathing air (24). Similarly, if the 
mean capillary O, tension during the test is below 
its usual value of 120 mm. Hg, Dy will be over- 
estimated. Over a range of mean capillary O, 
tension from 40 to 200 mm. Hg the correct Dy 
equals measured Dy X (0.70 + 0.0027 mean capil- 
lary O, tension in mm. Hg) (24). While a high 
mean capillary O, tension can be avoided by keep- 
ing the inspired O, concentration at about 21 per 
cent, a low mean capillary O, tension can occur in 
disease where there is interference with the oxy- 
genation of the capillary blood. It is of course the 
mean capillary and not the arterial O, tension 
which is of importance in affecting the rate of CO 
uptake by the red cells. In the data presented in 
this paper, no correction has been made for changes 
in capillary O, tension for two reasons. (a) From 
a practical standpoint, patients with pulmonary 
disease will tend to have mean capillary O, ten- 
sions less than 120 mm. Hg during the period of 
breath holding, which will artificially increase Dy. 
Therefore a patient with a reduced D, most prob- 
ably has impaired diffusion, although it may be 
more serious than consideration of the measured 
value of Dy, would indicate. (b) It is unlikely that 
the mean capillary O, tension in the alveoli which 
contribute the expired alveolar sample will ever 
drop below 40 mm. Hg, in which case according to 
the relationship given above, Dy would be over- 
estimated by 19 per cent. However, in this situa- 
tion the proper Dy would be so reduced below its 
normal value that an error of this magnitude 
would not be of major importance. Therefore, for 
clinical purposes the effect of a decreased mean 
capillary O, tension can be neglected. 


Importance of venous COHb 


If an individual has a significant amount of 
COHb in his blood, this will impede further dif- 
fusion of CO across the pulmonary membrane, be- 
cause a certain plasma CO tension will exist in 
equilibrium with the COHb. This blood CO ten- 
sion can be calculated from the Haldane relation, 


210 CO tension (or gas concentration) 
O, tension (or gas concentration) 
_ COHb concentration 
O-Hb concentration 


(3) 


with the proviso that no large amounts of reduced 
Hb are present (15). In an extreme case, such 
as that of a heavy smoker who has as much as 10 
per cent COHb in his blood (25), the equilibrated 
plasma CO tension would be less than 


10 per cent COHb x 17.5 per cent Oz 
90 per cent O,Hb 210 
or 0.0092 per cent CO, 


assuming the capillary O, tension equal to alveolar 
O, tension (125 mm. Hg or 17.5 per cent O,) and 
capillary O,Hb equal to arterial O,Hb. This 
equilibrated blood CO concentration (0.0092 per 
cent) should be subtracted from both the initial 
and final CO concentrations in the expired alveolar 
sample (15). If the subject had an alveolar vol- 
ume of 6 liters, an initial CO concentration of 0.15 
per cent, and a true Dy, of 30 ml. per min. per mm. 
Hg, his alveolar CO concentration would be 0.087 
per cent CO at the end of 10 seconds. If one ig- 
nored the presence of the COHb in the blood, Dy 
would apparently be 27.4 ml. per min. per mm. Hg, 
an error of 8 per cent. Since this is an extreme 
case and since it would add greatly to the com- 
plexity of the test to measure blood COHb, we 
have not estimated blood COHb in each individual. 
However, all individuals were questioned about 
their smoking habits, and an effort was made to 
keep the initial CO concentration high enough to 
minimize this error. 


Time interval at which Dy can be repeated 


The estimate of D, can be repeated after an in- 
terval that depends upon the rate of elimination of 
the previously inspired He and CO from the alve- 
olar gas. Although one might expect it would 
take more than 10 minutes to wash all the He from 
the alveoli of an emphysematous patient, when the 
expired alveolar gas in three healthy subjects and 
one patient with severe emphysema was examined 
approximately 2 minutes after performing a breath 
holding test, no He could be detected by the catha- 
rometer (less than 0.05 per cent). Following 
breath holding each individual automatically took 
a number of deep breaths, which apparently were 
sufficient to wash out the He. During exercise 
studies, it would be expected that the He would 
be washed out even faster. CO will disappear 
from the alveoli at a considerably faster rate than 
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the He since it is absorbed by the blood in addition 
to being washed out by inspired gas. Therefore, 
we considered it permissible to repeat measure- 
ments of Dy after 2 minutes. 

There will be an increase in blood COHb with 
each estimation of D, but calculation shows this 
to be small. For instance, if an individual starts 
the breath holding period with an alveolar volume 
of 6 liters and an alveolar CO concentration of 
0.15 per cent, making a total of 9 ml. of CO, and 
absorbed all of this into a total blood CO capacity 
of 1200 ml., his blood COHb concentration would 
rise 0.75 per cent. According to the Haldane re- 
lation, under the above conditions the resulting in- 
crease in equilibrated gas CO concentration would 


be less than 


0.75 per cent COHb 
98 per cent 


17.5 per cent O2 
210 


= 0.0006 per cent CO 


Xx 


which can be neglected. Therefore, several meas- 
urements of D, can be made in succession without 
increasing the blood COHb by a significant 
amount. This has been verified experimentally 
(1). 

Present evidence suggests that no significant al- 
terations in the pulmonary capillaries are produced 
by the respiratory maneuvers inherent in the pres- 
ent technique (1). Since D, returns to normal 


several minutes after heavy exercise (vide infra), 
any changes in the pulmonary capillaries resulting 
from the effort of one estimation would certainly 
have subsided within several minutes. 


Effect of exerciseonD, ; 


The increase in D,?° during five minutes of ex- 
ercise on an 8 per cent gradient at 44% m.p.h. in 
five normal subjects is shown in Table V, and 
ranged from 42 to 58 per cent (mean of 45.8 per 
cent). Also shown in Table V are measurements 
made during the period of recovery from exercise 
in three subjects, which indicate that Dy returns 
to resting control values within two to three min- 
utes of the cessation of exercise. In the instance 
of Subject 6 several subsequent minutes of exer- 
cise occurred after the value of 43.9 ml. per min. 
per mm. Hg was obtained, which probably ex- 
plains the higher value of 47.1 ml. per min. per 
mm. Hg during the recovery period. The rapidity 
of the changes in Dy are illustrated in Figure 3, 
a graph of the findings in Subject 1 before, during 
and after exercise. 

An increase in D, with exercise was first re- 
ported by Krogh (9) who found an average 36 
per cent rise above the resting level by the breath 
holding technique, not significantly different from 


10 Residual volume determined at rest was used to cal- 
culate Dx. 


TABLE V 
Changes in Dy, during and after exercise 


D * Sitting after cessation of exercise 


2-3 5-6 
minutes minutes 


9-10 


4 minute 1 minute minutes 


12 


25.4 26.0 24.8 


ml. 


Dy is in min. X mm. Hg’ 


¢ Measurements were made between the fourth and sixth minutes of walking on a treadmill at 44 m.p.h. on an 


8 per cent gradient. 


| 
Dit M 
Subject exercise exercise exercise. 
1 26.8 42.4 58 a 
42.2 
3 36.8 52.4 42 : 
52.5 
4 31.2 41.4 43 
47.8 
6 30.9 43.9 42 47.1 33.5 33.6 : 
9 38.2 60.6 44 
49.3 
| 18.6 24.6 20.4 20.9 19.7 a: 
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our average increase of 46 per cent with a modifi- 
cation of her method. On the other hand Dro, 
has been reported as increasing 300 per cent with 
exercise (3), Dy by the method of Filley, MacIn- 
tosh, and Wright as increasing 114 per cent (4) 
and by the method of Bates, Boucot, and Dormer, 
75 to 80 per cent (17). The grade and duration 
of exercise were not always comparable but since 
the presently reported O, uptakes during exercise 
are as large or larger than those reported during 
steady state measurements of Dy and Dio, (4, 26, 
27, 28), it seems apparent that estimates of resting 
D, by steady state methods are less than those by 
breath holding techniques (see section C) and in- 
crease proportionally more with exercise. There 
are many theoretical and practical differences be- 
tween the steady state and breath holding methods 
which might explain the different absolute values 
of Dy (and Dto,), but as a first approximation, 
each method should be consistent within itself im- 
plying that the proportional increase in Dy from 
rest to exercise should be the same for all. There 
is no adequate explanation for the discrepancy at 
this time. However there is no reason to suspect 
that the theoretical relation of Dy to Dro,, namely, 
Dio, = 1.23 Dy (9), is grossly inerror. Although 
the “breath holding Dy,” is measured at a larger 
lung volume than the “steady state Dy,” this should 
not produce a large change (19). All present 
methods underestimate the true diffusing capacity 
of the pulmonary membrane because they ignore 
the finite velocity of the uptake of CO or O, by 
the corpuscles (5). 

The effect upon Dy, of varying the grade and 
duration of exercise in Subjects 6 and 9 is re- 
corded in Figure 4. Both subjects were exercised 
at 3, 4, and 5 m.p.h. at a slope of 8 per cent and 
D, was measured after 4, 8, and in the case of 
Subject 6, 12 minutes on the treadmill. O, con- 
sumption was measured over half-minute periods 
between the D, estimations, and was reasonably 
stable at a given grade of work (+ 10 per cent). 
The values of D, in Figure 4 have been plotted 
against the average O, consumption at each grade 
of exertion. It can be seen that with each increase 
in O, consumption, there was some further in- 
crease in Dy, in both subjects. Riley, Shepard, 
Cohn, Carroll, and Armstrong (28) have reported 
that Dro, reaches a maximum plateau with in- 
creasing exercise if it is plotted against O, con- 


sumption, and have used the maximal Dro, as an 
index of the total pulmonary capillary surface. 
The interest in this maximal measurement is based 
primarily on the expectation that abnormalities 
which are undetectable in the resting state will be- 
come more apparent under the stress of exercise, 
and secondarily on the fact that the measurement 
of Dio, is more precise under these conditions. 
The question of whether a true maximal diffusing 
capacity is reached in all subjects is pertinent. 
Dio, tends to increase with decreasing arterial O, 
tension, other things remaining constant (28). 
Therefore, in measurements of maximal Dio, in 
which both exercise and anoxia are present there 
is the distinct possibility that these two factors act 
to produce an apparent plateau of Dro, when it 
is plotted against O, consumption. While this 
criticism does not apply to the steady state meas- 
urements of D,, only two unequivocal ‘plateaux’ 
with increasing exertion were reported (4). 
Bates, Boucot, and Dormer (17), measuring Dy 
by a steady state and tidal sampling method, found 
that of those subjects in whom the presence or ab- 
sence of a plateau could be fairly assessed, about 
half showed an increase as the estimated O, con- 
sumption rose from 1.2 to 2.2 liters per min. and 
half did not. In two subjects who were studied in 
more detail and whose O, consumptions were 
measured, Dy could not be said to have reached 
a plateau. The two subjects studied in detail by 
the breath holding method in the present report 
did not reach a plateau (see Figure 4). Ideally, 
this problem should be investigated by measuring 
Dy, or Dro, during different grades of exercise 
and as a function of pulmonary blood flow. 

In addition to the above studies on Dy, which 
suggest that small amounts of exertion are without 
effect, D, was measured in two of the healthy 
subjects immediately after they had been walking 
around the room and was found to be the same as 
it was after they had been quietly seated for 30 
minutes. Therefore, several minutes rest in a 
chair prior to the measurement of D, seemed suffi- 
cient to provide a standardized condition of ac- 


tivity. 


Effect of hyperventilation 


Patients sometimes become apprehensive in the 
presence of unfamiliar personnel and equipment, 


pe 
& 
. 
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and hyperventilate. As this might be expected to 
alter Dy, it was measured immediately before and 
after a period of voluntary hyperventilation, in 
three normal subjects (1, 6, and 19). The aver- 
age control value was 30.9, the average value after 
hyperventilation was 30.0 ml. per min. per mm. 
Hg. Although Subject 6 hyperventilated for five 
minutes, reducing his expired alveolar CO, con- 
centration from 4.9 to 2.6 per cent, his Dy, only 
went from 34.8 to 33.7 ml. per min. per mm. Hg. 
Therefore it appears that hyperventilation is not 
an important factor to control in standardizing the 
measurement of Dy. 

In summary, if the measures which have been 
discussed are used to standardize the procedure, 
the theoretical cumulative variation in D;, among 
individuals caused by these various factors could 
be as high as roughly 30 per cent. In actuality 
many of these influences cancel out or are constant 
in a given individual, so that the actual variation in 
estimated Dy in a single individual is very much 
less than 30 per cent. In fact, as reported below, 
the coefficient of variation in a normal subject is 
only 8.5 per cent. The absolute error in Dy is 
unknown at present; the greatest usefulness of 
the measurement lies in comparisons. 


B. Reproducibility of Dz 


In order to determine its reproducibility the 
values of Dy, in 24 healthy subjects and 19 patients 
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Different days of observation are plotted at different 
points on the abscissa, progressing from left to right. 
Observations which are plotted at the same value of the 
abscissa were obtained on the same day. The longest 
overall period of observation was seven months, in Sub- 
ject 4; the shortest was two weeks, in Subject 14. 
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O male subjects under 35 years of age; 2 female sub- 
jects under 35 years of age; @ male subjects over 40 
years of age; @ female subjects over 40 years of age. 


with various lung diseases in whom two or more 
estimations had been made the same day, were 
analyzed statistically. The coefficient of variation 
for a single measurement on the same day in a 
normal subject was 5.8 per cent, and in a patient, 
7.4 per cent. These statistics are not significantly 
different (probability greater than 0.05). In ad- 
dition, statistical variations in Dy, were analyzed in 
seven healthy subjects who had been studied on 
from 2 to 14 different days over periods ranging 
from 2 to 28 weeks in order to assess the variation 
in Dy from one day to the next. The data are 
plotted in Figure 5. The coefficient of variation, 
including variation both between and within days, 
was 8.5 per cent. For practical purposes this 
means that a single estimate of D;, on a given sub- 
ject has a 76 per cent chance of lying within + 10 
per cent of the true mean value. An analysis of 
variance was performed on the data: the variation 
between days had a coefficient of variation of 9.4 
per cent, that within a day, 5.8 per cent. These 
statistics were significantly different ; the variation 
between days was significantly greater than that 
within a day (probability less than 0.01). 


C. Dz in Healthy Subjects and Its Relation to 
Body Size, Sex and Age 


The vital statistics and mean Dy for each of the 
28 healthy subjects are given in Table I. The 
mean Dy was 24.9 ml. per min. per mm. Hg with 
a range from 11.0 to 37.5 ml. per min. per mm. Hg. 
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Dz should in general increase with increasing 
body size, since oxygen consumption increases 
with body size. Dy does increase with surface area 
as can be seen in Figure 6. The regression equa- 
tion was 


D, = Surface area (in square meters) 
X 18.85 — 6.8. 


The standard error of estimate was 3.92 ml. per 
min. per mm. Hg. This relationship was highly 
significant with a correlation coefficient of 0.81. 
The data of Krogh show a similar significant cor- 
relation of Dy, as measured by her technique, with 
surface area (29). Dy as measured by a steady 
end tidal sampling technique does not show a cor- 
relation with body size at rest, but does show a 
correlation with functional residual capacity dur- 
ing exercise, which may reflect body size (17). 
The practical importance of the present findings 
is that any attempt to predict a normal Dy, for a 
given patient must take body size into account; 
D, almost doubles over the range of normal adult 
surface area (see Figure 6). There is a question 
as to what is the best index of body size. We 


have chosen surface area, mainly because of its 


known relation to O, consumption. However, 
D, is also significantly correlated with height and 
weight. The regression equation for D, as a func- 
tion of height is Dy, = height (in inches) x 0.874 
— 31.6. The correlation coefficient is 0.74. The 
regression equation of Dy as a function of weight 
is Dy = weight (in pounds) X 0.149 + 5.2. The 
correlation coefficient was 0.78. There is no sig- 
nificant difference among the correlation coeffi- 
cients for Dy with surface area, weight or height, 
so there is no statistical reason for choosing among 
them at this time. It should be noted that since 
the regression line of Dy as a function of surface 
area does not pass through the origin, simply di- 
viding Dy, by surface area does not produce an in- 
dex independent of surface area. Cohn, Carroll, 
Armstrong, Shepard, and Riley (27) found a re- 
gression coefficient of 1.7 for ‘maximal’ Dio, as 
a function of height in inches, but since these 
measurements were taken during exercise, while 
our measurements were made at rest, the differ- 
ence is not unexpected. Kruhgffer (30) also 
reports an increase in Dy with height. 

The average resting value of D, in normal sub- 
jects, 24.9 ml. per min. per mm. Hg, by the pres- 


ent breath holding technique is not significantly 
different from the results of Krogh (9) and Bgje 
(18) using a similar technique. However, it is 
larger than the comparable values of 16.9 and 17.6 
ml. per min. per mm. Hg for the steady state 
methods of Filley, MacIntosh, and Wright (4) 
and Bates, Boucot, and Dormer (17), respectively, 
as well as being greater than the lower limit of the 
normal Dro,, 7.e., 15 ml. per min. per mm. Hg 
(26). While there are many possible explanations 
for the discrepancies, some of which have been 
mentioned in the discussion of the effects of ex- 
ercise or in earlier publications (1, 15), this prob- 
lem should be investigated further. 

Although estimates of Dy, by the present method 
tend to be lower in women than in men (Figure 
6) there was no significant difference between the 
sexes in the present limited data. 

No correlation was found between the resting 
D, and age. Cohn, Carroll, Armstrong, Shepard, 
and Riley (27) reported a significant decrease in 
maximal Dio, with increasing age, although there 
is doubt as to whether a maximum had been 
reached by some of the older subjects who were 
unable to exercise strenuously. In their studies 
direct evidence of maximality (no significant 
change in Dio, at two different levels of oxygen 
consumption) is available in only two of the eight 
subjects over 45 years of age and one of these 
actually showed the highest value for Dr., in the 
entire group. However, indirect evidence of maxi- 
mality, derived from the behavior of the mean 
alveolar-capillary O, gradient, was present in some 
of the other subjects. In comparing the present 
report with that of Cohn and his associates, it 
must be borne in mind that the ‘maximal Dro,’ 
may be limited by other portions of the circulatory 
system than the pulmonary capillaries. 

One subject (No. 22) was studied by broncho- 
spirometry, and D, measured separately in each 
lung (see Footnote 2, Table 1). At the time of 
these studies it was not technically feasible to 
measure residual volume in each lung so that re- 
sidual volume estimates for the whole lung were 
distributed in the ratio of 55 per cent on the right 
side to 45 per cent on the left side (31). While 
the agreement between D, for the whole lung 
(24.6 ml. per min. per mm. Hg) and the sum of 
D, for the two lungs (11.1 + 9.6 = 20.7 ml. per 
min. per mm. Hg) is quite good, it is interesting 
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that in this healthy subject, as well as in four pa- 
tients (see Table V1), Dy, for both lungs together 
is greater than the sum of the D,’s for the two 
lungs separately. The distribution of Dy between 
the two sides in the normal subject is approxi- 
mately in proportion to their relative alveolar 
volumes. 


D. Measurements of Dz, in Patients 


The vital statistics, results of pulmonary func- 
tion tests and mean Dy,, as well as the predicted 
normal range of Dz, for the 28 patients are pre- 
sented in Table VI. The values for Dy in the 
patients are plotted against body surface area in 
Figure 7 which also contains the normal regres- 
sion boundaries for + twice the standard error 
of estimate. 

Dy, is theoretically dependent on 1) the surface 
area of the pulmonary capillaries in contact with 
alveolar gas, 2) the thickness of the pulmonary 
membrane, and 3) the specific resistance to gas 
diffusion of the tissue making up the membrane. 
At present these factors cannot be separated. 
However, in general we would expect Dy, to be 
less than normal in any condition in which the 
number or size of the pulmonary capillaries is de- 
creased, the thickness of the pulmonary membrane 
increased, or in which the tissue composing the 
pulmonary membrane is less permeable to gas 
diffusion. In chronic obstructive emphysema, 
there is destruction of alveolar septa and pulmo- 
nary capillaries, and Dy should be decreased (32- 
34). Of the patients with emphysema (1 through 
7), all but two did have abnormally low values of 
D,. Although Krogh (9) failed to find any de- 
crease in Dy in emphysema, this is explicable on 
the basis of the effects of uneven distribution of in- 
spired gas on her results. Patient 2 had a much 
larger Dy, on the right lung than on the left, which 
was compatible with the interpretation of the x-ray 
films of his chest which showed more gross bullous 
changes on the left. Patients 8, 10, 11, 12, 14 and 
15 had various pulmonary diseases which do not 
attack the capillaries primarily, but in which capil- 
lary damage is secondary to destruction or dis- 
placement of regions of the lung. The effect on 
Dy would therefore be expected to depend on the 
amount of parenchymal tissue lost; in this group, 
variations in Dy, were in fact commensurate with 
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The numbers inside the circles indicate the patient re- 
corded in Table VI. The parallel lines are + twice the 
standard error of estimate about the regression line. 


the severity and extent of the lesions. Patient 8 
had a larger Dy in the left lung than in the right, 
which was compatible with the large amount of 
tissue displaced by cyst in his right lung. Patient 
11 had fibrocavernous tuberculosis in the upper 
lobe of his right lung which would be expected to 
decrease the Dy in the right lung, as it did. Pa- 
tient 9 who had bronchial asthma, a disease which 
does not primarily involve the capillaries (35), 
had a normal D,, while Patients 16, 17, 18 and 19 
with diseases which are known to attack the pul- 
monary capillaries, all had very low estimates of 
Dy (36). Since Patients 20 and 21 both had pul- 
monary hypertension with no findings suggesting 
a congenital cardiac defect, and since in addition 
both had normal values of D,, we concluded that 
their pulmonary disease had affected the pulmo- 
nary arteries and arterioles, but not the pulmonary 
capillaries. Patient 22 with fibroendocarditis and 
Patient 23 with mitral stenosis were not in con- 
gestive heart failure at the time of the studies, and 
so it is not unreasonable to find that their pulmo- 
nary diffusing capacities are little affected. One 
would conclude that they had no significant pul- 
monary capillary damage. Both Patients 13 and 
24 had a decreased pulmonary vascular bed, the 
former because of pneumonectomy, and the latter 
because of obstruction of the pulmonary artery to 
the right lung. The Dy on the obstructed side 
in Patient 24 was slightly more than half that of 
the contralateral lung. As would bc expected, both 
patients had decreased total D, estimates. Patient 
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25 with polycythemia, but with normal pulmonary 
function tests, had a normal Dy. While vascular 
thrombosis is a feature of this disease, it was con- 
cluded that the pulmonary capillaries were rela- 
tively uninvolved in this patient. Patients 26, 27 
and 28 all had kyphoscoliosis, which primarily 
limits the ventilation of the lungs and does not at- 
tack the pulmonary capillaries directly; all were 
within normal limits in their pulmonary diffusing 
capacity. 

We conclude that measurements of Dy by this 
method are in agreement with the expected de- 


rangements in pulmonary physiology. From the 
practical point of view, the great advantages of the 
method are that it takes so little of the time, re- 
quires no arterial samples, and can be repeated 
often without discomfort to the patient. 


SUMMARY 


A modification of the Krogh breath holding 
technique for the clinical measurement of apparent 
pulmonary diffusing capacity (Dy) is described. 
Reproducibility was investigated in 28 normal sub- 
jects ; the coefficient of variation for a single meas- 


TABLE VI 
Dz and pulmonary function tests in patients with various disorders of the chest * + 


Patient 
number 


Diagnosis 


Height 


VC 
mi. 


IC 
mi. 


ml. 


RV 
mi, 


1 
2 
3 
4 
5 
6 
7 
8 
9 
0 


1 


. obstr. emphysema 
. obstr. emphysema 
. obstr. emphysema 
. obstr. emphysema 
. obstr. emphysema 
. obstr. emphysema 
Localized obstr. emphy- 
sema, right lung 
Solitary lung cysts 
Bronchial asthma 
Bronchiectasis and bron- 
fistula 
Fibro-cavernous tubercu- 
losis (right upper lobe) 
Bronchial carcinoma 
Postpneumonectomy for 
bronchial carcinoma 
Chemical burn of respi- 
ratory tract 
Chemical burn of respi- 
ratory tract 
Diffuse interstitial fibrosis 
Diffuse interstitial fibrosis 
Sarcoidosis 
Scleroderma 
Pulmonary arteriolar 
disease 
Pulmonary arteriolar 
disease 
Fibroendocarditis 
Mitral stenosis 
Obstructed right pul- 
monary artery 
Polycythemia vera 


DOD do ip 


Sak 


2840 (3900) 
1760 (3450) 
2680 (3800) 
2980 (3270) 
2000 (3720) 
3260 (3820) 
2000 (4200) 


3750 (4560) 
1690 (2600) 
1820 (3650) 
3140 (3820) 


2480 (930) 
3080 (3930 


3250 (4400) 
1970 (3860) 
2600 (2830) 
1500 (2830) 
2860 $3000) 
1780 (3550 
2050 (3140) 
2760 (2760) 
4150 (4400) 
3300 $4380) 
3880 (3620) 


6300 (4250 


1530 (3120) 
1170 (2760) 
1990 (3040) 
1800 (2620) 
1150 12980) 
1950 (3060 
1420 (3360) 


2550 
1360 (2080 

520 (2920) 
1670 (3060) 


1730 (2920) 
1800 (3140) 


2550 (3520) 

880 (3100) 
1800 (2260) 

780 (2260) 
1780 (2720) 
960 
1500 (2520) 
1740 (2200) 
3100 (3520) 
2260 
2670 (2900 


4500 (3400 


1340 (780) 
580 (690) 
680 (760) 

1210 (650 
920 (740) 

1420 (760) 
890 (840 


1500 
620 (520 
910 (730) 

1600 (760) 


750 (730) 
1150 (790) 


1000 (880) 
1110 (760) 
740 
560 (570 
1360 (680) 
720 (710) 
660 (620) 
1120 (560) 
1050 (880) 
980 
1780 (720 


1640 (850) 


3740 (1730 
2740 (1520 
3260 (1160 
2950 (1450 
4320 (1640 
3880 (1680 
1700 (1050 


1870 “630 


1290 (650 
2550 (1610 


3110 (1680) 


1520 


2690 (1450 
2380 (1100) 
1870 (1190) 
2060 (870 
740 (1270 
1570 (1500) 
850 (1100) 
1390 (780 
1520 (840) 
1920 (1100) 
1670 (1120 
1740 (1580 


3280 (1300 


Kyphoscoliosis 
Kyphoscoliosis 
Kyphoscoliosis 


1080 (760 
750 (670) 
900 (950) 


1920 (2940) | 1600 eee 260 (590) 
950 (2180) | 650 1790) 260 (430) 
1050 (3750) | 820 (3000) | 420 (750) 


* Symbols: VC equals vital capacity; IC equals inspiratory capacity; ERV equals expiratory reserve volume; RV 
— residual volume; TLC equals total lung capacity; MBC equals maximal breathing capacity; all lung volumes 


+ Figures in parentheses are predicted normal values. 
; RV/TLC in young normals should be less than 30 per cent. 
Maximum inspiratory (or expiratory) velocities are measured between 200 and 1200 ml. of the inspiration (or 


expiration). Normal values lie between 400 and 600 liters per min. 


Surf 

Age | | Weight | ERV 
| Sex yrs. | inches | pounds | | 

158 | 1 ) 

eee 57 | 64 101 | 1 ) 

tas 47/67 | 165 | 1 
esa 75 | 67 165 | 1 ) 

57| 69 | 122 | 1 ) 

| 55 | 70 | 165 | 1 
28 | 66 | 135.| 1 | 

de | 27|73 | 142 | 1. 

| 4/61 | 95 | | | 

a 54 | 66.5 | 120 | 1. | 

11 6o|72 | 148 | 1.80 | | 

12 52 | 66 | 135 | 1.70 

13 55 | 72 | 134 | 1.80 
| 
14 30 | 72 | 162 | 1.95 | 
Be 15 44167 | 164 | 1.84 
16 35 | 61 | 220 | 1.97 
! 17 52 | 67.5 | 153 | 1.81 

an 18 53 | 62 | 119 | 1.53 
jan 19 45 | 62 | 107 | 1.46 

ae 20 15 | 66 | 101 | 1.50 

sae 21 44 | 62.5 | 106 | 1.46 : 
de 22 31| 72 | 169 | 1.97 

4 23 28 | 70.5 | 137 | 1.80 | ; 
Aa 24 | 50 | 64.5 | 145 | 1.71 | | | 

25 39| 72 | 200 | 2.13 = 

aan 26 17 | 67 111 | 1.58 

a 27 46 | 50 99 | 1.22 

ali 28 30 | 61 | 102 | 1.41 | | 
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MBC 


RV/TLCtY 
100 L./min./M? 


Normal4 
Di range of Di 
ml. pay 


min. Xmm. Hg 


6580 (5630) 
4500 (4970 
5940 (4960 
5930 (4720 
6320 (5360 
7140 (5500 
3700 (5250 


3620 (5700) 
3980 
4370 (5260) 


53 
39 (64 
44 (58) 


NAME 


35 (46) 


6250 (5500) 


4000 (3300) 
5770 (5380 


5630 (5500) 
3840 (5050) 


4660 (3700) 
2240 (4100) 
4430 (4900) 
2630 (4650) 
3340 (3920) 


4280 (3600) 


6070 (5500) 
4970 (5500) 
5620 (5200) 


9580 (5550) 
3000 (3700) 
1700 (2850) 
1950 (4700) 


24 (58) 
26 (70) 
36 (64) 


36 
49 (47 


80 (63) 
64 (79) 


65 (50) 


45 (72) 
44 (60) 


117 (66) 
38 (63) 
27 (50) 
30 (71) 


21.0-37.0 
12.7-28.7 
20.0-36.0 
20.2-36.2 
17.1-33.1 
22.0-38.0 
17.2-33.2 


19.9-35.9 
11.1-27.1 
15.2-31.2 


* 


Ne 
NEP 


met 


19.2-35.2 


17.3-33.3 
19.2-35.2 


22.0-38.0 
19.9-35.9 


22.2-38.2 
19.3-35.3 
14,2-30.2 
12.8-28.8 
13.5-29.5 


12,8-28.8 


22.1-38.1 
19.1-35.1 
17.4-33.4 


24.9-40.9 
15.2-31.2 

8.1-24.1 
11.8-27.8 


> 


tong: change in Nz concentration between 750 ml. and 1250 ml. of the expired air should be less than 2.0 per cent. 
-+t twice the standard error of estimate about the regression line. 

** Patient 2: Dy right lung was 3.4 ml./min./mm. Hg; left lung 2.0 ml./min./mm. Hg. 

tt Patient 8: Dy right lung was 5.6 ml./min./mm. Hg; left lung 10.8 ml./min./mm. Hg. 

if Patient 11: Dz right lung was 10.5 ml./min./mm. Hg; left lung 17.5 ml./min./mm. Hg. 


§ 


urement on a single subject was 8.5 per cent. Dz, 
increased with increasing body surface area, height 
and weight. It also increased with exercise, re- 
turning to control values within several minutes of 
the cessation of exercise. Dy rose with increasing 
degrees of exercise, but did not reach a maximal 
plateau in the subjects studied. Dy, varied slightly 
with posture, being greatest when the subject was 
supine, less when sitting and least when standing. 
The importance of these and other factors in ob- 
taining a standardized estimate of Dy, is discussed. 

Measurements of Dy were made in 28 patients 
with various pulmonary diseases. In four patients 
and one normal subject, D; was measured sepa- 


Patient 24: Dy right lung was 4.4 ml./min./mm. Hg; left lung 8.8 ml./min./mm. Hg. 


rately in the two lungs. There were no difficulties 
in performing the test, and the values of Dy ob- 
tained were consonant with the clinico-pathological 


diagnosis. 
ACKNOWLEDGMENT 


The authors acknowledge the invaluable assistance of 
Mrs. Rosemary Marshall, Dr. Leon Cander, and Mr. 
Joel Shapiro in performing these measurements of Dx. 
We also wish to express our appreciation to Dr. J. H. 
Comroe, Jr. for advice and criticism, to Dr. Arthur Du- 
Bois and Dr. Robert Marshall for help in measuring 
esophageal pressures, to Dr. George Bedell and Dr. 
Romeiro Neto for performing the pulmonary function 
tests of the patients studied, and to the entire staff of the 
pulmonary function laboratory for constant help. 


15 
Nz single 
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APPENDIX 


Patients 1 through 6 had histories and physical and 
x-ray findings compatible with a diagnosis of chronic 
obstructive emphysema, which was confirmed by the 
pulmonary function tests. Patient 7 was a very much 
younger man giving a similar history, but x-ray studies 
showed a uniform increase in the translucency of his 
right lung while his left lung appeared relatively normal. 
Bronchospirometric studies showed that only 10 per cent 
of the total lung O, and CO, exchange was carried on by 
the right lung. This patient was considered to have uni- 
lateral cbstructive emphysema. Patient 8 complained of 
dyspnea on exertion and chest x-ray examination showed 
one solitary cyst in each lung. Shortly after these stud- 
ies, the cyst in one lung was removed and the diagnosis 
was verified. Patient 9 had a history of asthmatic at- 
tacks since early childhood, and his physical examination 
and chest x-rays were compatible with the diagnosis of 
bronchial asthma. Patient 10 had a history of pneumonia 
and empyema many years previously and a bronchopleuro- 
cutaneous fistula which persisted following open drainage 
of the chest. This fistula was obvious on physical exami- 
nation and was occluded during pulmonary function tests. 
Patient 11 had a history of tuberculosis, and signs of 
fibro-cavernous tuberculosis in the right upper lobe by 
physical and x-ray examination. This patient had been 
referred from a sanatorium for lobectomy which was per- 
formed after these studies, the diagnosis being confirmed. 
Patient 12 had complained of cough 9 years previously, 
at which time his left lung was removed because of a 
squamous cell epithelioma of the bronchus. He now 
complained of dyspnea and the remaining lung was over- 
distended and considered to be emphysematous. Patients 
14 and 15 were firemen who had been exposed to cor- 
rosive chemical fumes which severely damaged the upper 
respiratory tract, bronchi and bronchial tree, six weeks 
prior to these studies. Patient 15 still complained of 
shortness of breath, and granulation tissue in the trachea 
mucosa could be demonstrated by bronchoscopic examina- 
tion at the time of these measurements. Patient 14 had 
been much less severely affected (as indicated by pulmo- 
nary function tests) and was symptom-free when studied. 


Both patients 16 and 17 had histories, physical examina-. 


tions and x-ray findings compatible with acute diffuse 
interstitial fibrosis (37). This diagnosis was verified by 
a lung biopsy in patient 17. Patient 18 had the typical 
radiological features of pulmonary sarcoidosis, and biopsy 
of a cervical lymph node showed sarcoid changes. Pa- 
tient 19 had generalized cutaneous scleroderma. 
chest x-ray examination showed the extensive pulmonary 
fibrosis often seen with this disease, which was verified 
by pulmonary biopsy. Patient 20 complained of shortness 
of breath following an attack of varicella 4 months earlier. 
His heart was enlarged by x-ray examination, and pul- 
monary hypertension was demonstrated by right heart 
catheterization. Patient 21 also complained of shortness 
of breath, had a greatly increased pulmonary artery pres- 
sure by cardiac catheterization, and enlargement of the 
pulmonary outflow tract by x-ray examination. Since 


His’ 


both of these patients had relatively normal ventilatory 
and distributory function and no evidence of an intra- 
cardiac shunt or other congenital heart defect was found 
by venous catherization in either, they were considered 
to have primarily pulmonary arterial disease. This was 
confirmed later at autopsy in patient 20. Patients 22 and 
23 had histories, physical and x-ray findings suggestive 
of chronic rheumatic heart disease with mitral stenosis 
and well controlled congestive failure at the time of 
study. Patient 22 had hemosiderosis of the lungs by 
x-ray examination and increased left auricular pressure 
but no mitral stenosis when the valve was palpated at the 
time of operation. Biopsy of the auricular appendage 
was reported as fibroendocarditis. Patient 24 was 
asymptomatic, having had the absence, or obstruction of 
his right pulmonary artery discovered on a routine chest 
film and verified by pulmonary angiography. Since no 
alternate explanation was forthcoming, it was considered 
a congenital defect. Patient 25 had recently been diag- 
nosed as polycythemia vera by blood measurements but 
at the time of the present study had been treated with 
radioactive phosphorus and had 5.4 million red cells 
per mm*. He was otherwise in excellent health by his- 
tory, physical and x-ray examination, and his ventilatory 
studies were in fact better than predicted for a normal 
subject. Patients 26, 27, and 28 all had the physical and 
x-ray findings of severe kyphoscoliosis; patient 26 had 
had his deformity since early childhood and in addition 
had tuberculosis of the hip at the time of study; patient 
27 had been deformed since birth; patient 28 had been 
deformed since he had had rickets as an infant. 
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The serum concentration of vitamin B,, is in- 
creased in chronic myelogenous leukemia, and 
there is an associated increase in the in vitro bind- 
ing of vitamin B,, by such sera (1, 2). On the 
other hand, the vitamin B,, concentration in the 
white cells and tissues in chronic myelogenous let- 
kemia is not elevated (2). Mollin, Pitney, Baker, 
and Bradley (3) have demonstrated a delayed 
disappearance of cobalt®* labelled vitamin B,, from 
the plasma of patients with chronic myelogenous 
leukemia using an intravenous dose of 1.5 micro- 
grams. It was the purpose of this study to meas- 
ure plasma disappearance, tissue distribution, and 
excretion of a 4-microgram intravenous dose of 
cobalt® labelled vitamin B,, in normal subjects and 
patients with chronic myelogenous leukemia. In 
vitro experiments would indicate that this dose 
exceeds the binding capacity of normal serum by 
about four fold, but is within the total binding ca- 
pacity of chronic myelogenous leukemia serum (1, 
2,4). 

Using a 4-microgram dose, a clear-cut differen- 
tiation could be made between normal controls and 
patients with chronic myelogenous leukemia. 


METHODS 


A. Clinical material 


The subjects chosen for normal controls in this study 
were hospitalized patients convalescing from cerebro- 
vascular accidents. Two to four months had elapsed since 
the onset of hemiparesis. All were asymptomatic save 
for residua! paralysis, and none had evidence of anemia, 
renal disease, liver disease, congestive heart failure or 
infection. ‘The diagnosis of chronic myelogenous leu- 
kemia was well established in eight patients. At the 
time of study, four patients had received no anti-leukemic 
therapy, and four had received some form of anti-leukemic 
therapy from three weeks to six months previously. Also 
studied were two patients with myeloid metaplasia, one 
patient with chronic lymphatic leukemia, one patient with 


Laénnec’s cirrhosis with ascites and two postoperative 
patients with common bile duct drainage. 


B. Experimental plan 


1. Plasma disappearance. Four micrograms of cobalt” 
labelled vitamin B,, was injected intravenously and its 
disappearance from the plasma determined by serum 
sampling and measurement. 

2. Tissue distribution. Following injection, external 
monitoring of organ sites was carried out for periods up 
to 33 days. The concentration of radioactivity in the or- 
gans of two patients with leukemia was determined at 
post mortem. The concentration of radioactivity in red 
cells and white cells during the first twenty-four hours 
after injection was measured after separation from the 
plasma. 

3. Excretion. Excretion of radioactivity in urine and 
stools was determined by measuring radioactivity in 24- 
hour urine and 7 to 10-day stool collections. 

4. Miscellaneous. Two postoperative patients with 
T-tube drainage of the biliary tract were given cobalt” 
labelled B,, intravenously and the radioactivity in 10-day 
bile collections determined. One patient with Laénnec’s 
cirrhosis with massive ascites underwent paracentesis 
over a 2-hour period following the injection of cobalt” 
labelled vitamin B,, and the radioactivity in the ascitic 
fluid was determined. 


C. Procedures 


1. Plasma disappearance. For intravenous injection, a 
suitable dilution of cobalt” labelled vitamin B, was made 
so that 5 ml. contained 4 micrograms of vitamin B, and 
3.0 microcuries of radioactivity. This was injected from 
a calibrated syringe into an antecubital vein. Ten ml. of 
blood was withdrawn with added heparin from the op- 
posite arm at frequent intervals during the first two hours, 
and at 1 to 3 days thereafter for the duration of the study 
(up to 33 days). The percentage of the administered dose 
which remained in the plasma at any given time was de- 
termined by the formula: 


Counts per min./ml. plasma X plasma vol. (ml.) x 100 
Total counts per min. injected 


2. Radioactivity measurements. 


Scintillation well counting: Three-ml. plasma samples 
were counted in a thallium-activated sodium iodide well- 
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type scintillation counter. White cells were separated by 
the method of Buckley, Powell, and Gibson (5), and 
made up to 3-ml. volume and counted in the same manner. 
Washed red cells were also counted in 3-ml. volume. 
A standard was prepared by making a 1: 500 dilution of 
the original injected sample, and duplicate 3-ml. aliquots 
were counted. Total injected radioactivity was calcu- 
lated from the standard. All plasma samples collected 
during the first twenty-four hours after injection were 
counted with a counting error of less than 3 per cent. 
Samples collected after twenty-four hours were counted 
with a counting error of less than 5 per cent. Red cells 
and white cells were counted for 10 minutes to demon- 
strate negligible radioactivity. 

Geiger-Miiller well counting: Seventy-five-ml. aliquots 
of urine, bile, or concentrated ascitic fluid, and 75-gram 
aliquots of stool homogenate or organs were counted in a 
Texas-Allyn well-type GM counter. Seventy-five ml. of 
a 1:500 dilution of the injected material was used as a 
standard. Urine from normal patients and organ samples 
were counted with a counting error of less than 5 per 
cent. All other samples contained very little radioac- 
tivity, and were counted for 10 minutes. 

External monitoring: External monitoring was done 
with a solid one-inch thallium-activated sodium iodide 
probe counter. A cobalt” standard was counted each 
morning to correct for daily variations in the counter. 
Counts were taken over liver, spleen, precordium, and 
thigh. Several areas over the liver and spleen were 
counted, and the area giving the highest counting rate 
was used. 

3. Serum vitamin B,. The concentration of vitamin 
B,, was determined by the Euglena gracilis method of 
Ross (6) as modified by Lear, Harris, Castle, and Flem- 
ing(7). The normal range reported by the latter group 
is 292 to 856 micromicrograms per ml. 


MINUTES AFTER INTRAVENOUS INJECTION 


Fic. 1. oF CopaLt® ViTAMIN B,, From 
THE PLASMA OF NorMAL SUBJECTS AND PaTIENTs WITH 
CuHronic MYELOGENOUS LEUKEMIA 


4. Plasma volume. Plasma volume was determined by 
the Evans blue technique (8) in half of the patients, and 
estimated from the body weight in the remainder of the. 
subjects using the formula: 


Plasmatocrit 


100 X 69 ml. X body weight (kg.) 


RESULTS 


A. The disappearance of cobalt® labelled vitamin 
B,, from the plasma 


1. Normal subjects. The plasma radioactivity 
declined rapidly after injection; 35 to 55 per cent 
of the injected dose remained at the end of 5 min- 


DAYS AFTER INTRAVENOUS INJECTION 


Fic. 2. DIsapPEARANCE OF CopaALt® VitAMIN B,, From THE PLASMA 
oF Normat Susjyects AND PATIENTS WITH CHRONIC MYELOGENOUS 


LEUKEMIA 
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MINUTES AFTER INTRAVENOUS INJECTION 


Fic. 3. DISAPPEARANCE OF CoBALT® VirAMIN B,, From 
THE PLASMA OF PATIENTS WITH Various D1sorDERS 


E. D. and V. R.—myeloid metaplasia. 

M. G.—chronic lymphocytic leukemia. 

B. L.—chronic myelogenous leukemia, treated and in re- 
mission. 


utes and 8 to 10 per cent at two hours (Figure 1). 
Thereafter, the disappearance rate was slower 
(Figure 2). Because of the small amount of radio- 
activity present in the plasma after 24 hours, it was 
not possible to determine the slope of the disap- 
pearance curve accurately. 

2. Chronic myelogenous leukemia. In seven 
out of eight patients with chronic myelogenous 
leukemia, plasma radioactivity disappeared more 
slowly : 50 to 63 per cent of the dose remained at 
two hours, and 38 to 42 per cent at 24 hours. 
After 24 hours, sufficient radioactivity remained 
in the plasma to determine the slope of the curve. 
This was approximately exponential, with a half 
time of 5 days. After 33 days, the plasma from 


Fic. 4. Drstrrsution oF Raproactiviry AFTER INTRA- 
veENouS CopaLt™” VITAMIN B,, IN A NORMAL SUBJECT 


one patient still contained 4 per cent of the admin- 
istered dose. All seven of these patients showed 
evidence of activity of their disease (anemia, fever, 
splenomegaly), but not necessarily a high white 
count. Patient B. L., who was in complete clini- 
cal and hematological remission, showed a normal 
plasma disappearance (Figure 3). 

3. Other. One patient with chronic lympho- 
cytic leukemia showed normal plasma disappear- 
ance (Figure 3). Both patients with myeloid 
metaplasia showed a plasma disappearence which 
was intermediate between that of the normal sub- 
jects and the patients with chronic myelogenous 
leukemia (Figure 3). 


Hours 
TIME AFTER INTRAVENOUS INJECTION 
Fic. 5. Distrreution oF Raproactivity AFTer INTRA- 
vENousS CoBALT” ViTAMIN B, IN A PatiENT WITH 
Curonic MyELoceENous LEUKEMIA 


B. Tissue distribution 


1. External monitoring. External monitoring 
of normal subjects showed an increase in liver ra- 
dioactivity throughout the period of observation. 
During the first 5 hours after injection, there was 
very little increase in counting rate over the liver, 
despite the fact that during this interval 90 per 
cent of the administered dose had left the plasma. 
From 5 to 48 hours, the counts over the pre- 
cordium were constant, counts over the liver rose, 
and there was a consistent fall in counts over the 
spleen (Figure 4). Patients with chronic mye- 
logenous leukemia, having a slower plasma disap- 
pearance, had a smaller rise in counting rate over 
the liver (Figure 5). No increase in concentra- 
tion of radioactivity over enlarged spleens was 
found. Counting rates over organ sites in the 
patient with chronic lymphocytic leukemia with 
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normal plasma disappearance were the same as in 
the normal subjects. 

2. Red and white cells. Red and white cells 
from both normal subjects and patients with leu- 
kemia contained no radioactivity. 

3. Post mortem. The radioactivity in the or- 
gans of two patients with chronic myelogenous 
leukemia were determined at post mortem. Pa- 
tient T. L. was injected 9 days and patient E. M. 
23 days before death. The liver contained 39 to 42 
per cent of the administered dose, the spleen 8 to 
11 per cent and the other viscera less than one per 
cent (Table II). The concentration of radioac- 
tivity in the liver (counts per gram) was five to 
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seven times greater than in spleen and other 
viscera. 


C. Excretion 


In the twenty-four hours after injection, normal 
subjects excreted 1 to 4 per cent of the adminis- 
tered dose in the urine, and chronic myelogenous 
leukemia patients, 0 to 2 per cent (Table I). 
Seven to ten-day stool collections were made in two 
normal subjects and contained no radioactivity. 
Ten-day bile collections contained less than 2 per 
cent of the administered dose. Ascitic fluid from a 
patient with cirrhosis (E. M.) was collected at in- 
tervals up to two hours during the measurement 


TABLE I 
Summary of clinical and laboratory data 


Serum 
vit. Biz 
concen- 
tration 


Patient mi. 


Per cent 
tadio- 
activity 
in plasma 
at 2 hrs. 


Per cent 
radio- 


activity 
in plasma 
at 24 hrs. 


Normals 


H.M. 


Range 
Mean 


2 
3 
4 
4 
1 
2 
4 
3 


Chronic myelogenous 


Miscellaneous 
Chr. myel. leukemia 
(In remission) 


1) B.L. 


Chr. lymphatic 
leukemia 


1) M.G. 
Myeloid metaplasia 


Laénnec’s cirrhosis 


1) E. M. 


8,900 


160,000 


704 102,000 


81,000 


53 2,104 11,100 


* Plasma volume was determined by the Evans blue technique. 


Ples || 24-Hour 
Wbe vol. | excretion 
per cu, mm. ml. % } 
1) N.G. 54 8,300 3,300 8 6 a 
2) A.C. 65 5,800 3,000* 9 5 
63 530 8,500 3,200* 10 7 
4) T.D. 64 5,000 3,000* 8 5 : 
5) N.G. 55 364 9,600 3,400 8 3 ee 
6 | 65 504 8,700 2,700* 10 6 
7 59 10,300 3,400* 8 4 
| 8-10 3-7 1 
9 5 a 
: leukemia ; 
62 363,000 3,800 62 38 0 
2) 57 91,100 3,600 63 
3) E. M. 32 9,266 12,600 3,800* 59 0 ¢ 
33 M. O. 53 118,000 3,300 53 42 
: te YM 62 2,046 313,000 3,900* 60 43 1 
i 6) E.C. 52 7,020 71,000 4,000* 50 > 
: 7) W.S. 29 4,874 102,000 3,300* 59 42 2 5 
Range 50-63 38-42 0-2 
Mean 58 41 1 : 
55 3,200 10 
64 22 
49 4,000 16 8 if 
— 3,200* 10 3 2 
4 
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TABLE II 


The tissue distribution of radioactivity in two autopsied 
patients with chronic myelogenous leukemia 
after intravenous Co® vitamin B12 


Per cent injected 
radioactivity 
in total organ 
E. M. 


Counts per sec. 
100 gm. (wet weight) 
T.L. E.M. 


Organ 


Liver 
Spleen 
Kidney 
Lung 
Stomach 
Pancreas 


63.1 
10.4 
11.3 
7.0 


54.9 
12.5 
14.3 
10.3 
15.8 

7.3 


of the plasma disappearance. The entire 11 liters 
of fluid contained no radioactivity despite the fact 
that 90 per cent of the cobalt® labelled vitamin B,, 
had disappeared from the plasma within the two- 
hour interval. 


D. Serum vitamin B,, concentration 


In three normal subjects, the concentration of 
vitamin B,, in the serum ranged from 364 to 530 
micromicrograms per ml. Serum vitamin B,, 
levels were elevated in four patients with chronic 
myelogenous leukemia ranging from 2046 to 9266 
micromicrograms per ml. No correlation was 
found between the leukocyte count and the vitamin 
B,, level. Thus, patient E. M., with a normal 
white cell count, had the highest serum concentra- 
tion of vitamin B,,. The serum concentration of 
vitamin B,, was 704 micromicrograms per ml. in 
E. D., a patient with myeloid metaplasia, and 2104 
in E. M., a patient with cirrhosis. 


DISCUSSION 


The 4-microgram dose used in this study ex- 
ceeds the total plasma vitamin B,, in the normal 
by about three fold. Because of the specific ac- 
tivity of the cobalt® labelled vitamin B,, available, 
the administration of a dose which would not sig- 
nificantly elevate the plasma concentration, i.e., 
a tracer amount, would result in plasma counting 
rates not measurable by current techniques. Al- 
though the 4-microgram dose approaches a tracer 
amount in some of the chronic myelogenous leu- 
kemic patients, in the normal subjects the results 
may not be truly physiological because of the 
dosage employed. 

In the normal subjects, intravenous vitamin B,, 
in the dosage used disappeared rapidly from the 


plasma in spite of minimal excretion in urine, stool, 
and bile. This decline in plasma concentration of 
cobalt®® labelled vitamin B,, during the first two 
hours after injection is too rapid to be explained 
solely by mixing in extracellular fluid. Also, no 
radioactivity was recovered in ascitic fluid, al- 
though the patient with impaired liver function 
may not be completely comparable. The liver is 
thought to be the chief storage site of vitamin B,, 
(9, 10) and one might expect that the material 
would be taken up by the liver as it leaves the 
plasma. However, we found no concentration of 
radioactivity over this or any other organ site 
during the first five hours as measured by external 
monitoring. During this same period, direct 
sampling of erythrocytes and leukocytes revealed 
no measurable radioactivity. It is apparent that 
during the first five hours after injection, when 
virtually all of the material had left the plasma, 
no site of localization of the injected material was 
found with the techniques employed. A diffuse 
cellular uptake during this period could account 
for these observations. 

However, external monitoring data indicate that 
the liver concentrates cobalt® labelled vitamin B,, 
and/or related compounds containing cobalt*® be- 
ginning five hours after injection and continuing 
throughout the period of observation. This in- 
crease would seem too large to be accounted for by 
the small amount of material remaining in the 
plasma. Furthermore, during this period (five 
hours to two days) counting rates over the spleen 
continued to fall at a time when plasma and pre- 
cordium counts were stable, suggesting cellular 
release of the vitamin or a cobalt-containing in- 
termediate. Continued accumulation of the radio- 
activity in the liver was not due to an enterohepatic 
circulation, since negligible radioactivity was re- 
covered in the bile. 

The slow disappearance of vitamin B,, from the 
plasma of patients with chronic myelogenous leu- 
kemia probably reflects increased binding of this 
vitamin by the plasma (1, 2). This increased 
binding capacity correlated with the clinical state 
of the disease. Since serum concentrations de- 
crease towards normal following successful therapy 
(1, 2), it is likely that this plasma abnormality 
also may disappear during remission (patient B. 
L.). Increased binding capacity did not correlate 
with the level of the white count, consistent with 
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the reports that increases in serum concentration 
of B,, do not correlate with the level of the white 
count (1, 2). The plasma disappearance curve 
can be used to estimate the daily plasma turnover 
of vitamin B,, in the leukemic patient. This is 
based on the assumption that the disappearance 
curve beginning at 24 hours, with a half time of 5 
days, represents the physiological turnover of 
plasma vitamin B,,. This is likely, since this part 
of the curve is exponential. Also, the added radio- 
vitamin elevated the original serum concentration 
of vitamin B,, by less than 20 per cent, 24 hours 
after injection. Using this half time of five days, 
and knowing the original serum concentration of 
B,, and the plasma volume, the daily turnover 
rates in four leukemic patients were calculated, 
and ranged from 1.1 to 4.8 micrograms per 24 
hours. This cannot be related to the normal, since 
the small amount of radioactivity in the normal 
plasma precludes calculation of daily turnover. 

Although the serum from patients with chronic 
myelogenous leukemia binds increased amounts of 
vitamin B,,, the leukemic tissues from such pa- 
tients do not appear to do so. No radioactivity was 
found in the leukocytes of leukemic patients at any 
time External monitoring over leukemic spleens 
revealed no concentration of radioactivity during 
the entire experiment (1 to 33 days), despite the 
disappearance of the radio-vitamin from the plasma. 
In two patients, the absence of splenic concentra- 
tion of radioactivity as measured by external moni- 
toring was corroborated by actual measurement of 
organ radioactivity at post mortem. 

One patient with chronic lymphocytic leukemia 
was studied. Serum concentrations of vitamin B,, 
in this disease have been reported to be normal (1, 
2). In vivo binding, as demonstrated by plasma 
disappearance, was normal in this patient. The 
serum concentration of vitamin B,, in patients 
with myeloid metaplasia has been reported to be 
somewhat elevated, although not as high as in 
chronic myelogenous leukemia (2). Although 
both patients with myeloid metaplasia were found 
to have a delayed disappearance of cobalt*® labelled 
vitamin B,, from the plasma, patient V. R. closely 
approximated the normal. In this patient histo- 
chemical staining of the polymorphonuclear leu- 
kocytes showed a decrease in the alkaline phospha- 
tase as found in chronic myelogenous leukemia 
(11). However, by clinical criteria, this patient 
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did not appear to have leukemia. It seems likely 
that these biochemical abnormalities may exist in 
varying degrees in this group of patients. It is of 
interest that the other patient with myeloid meta- 
plasia, E. D., with a more delayed plasma disap- 
pearance, had a normal serum vitamin B,, level. 
Consistent with other reports (7) patient E. M. 
with cirrhosis had a high serum vitamin B,, level. 
However, this patient had a normal plasma disap- 
pearance. There have been reports of elevated 
serum concentrations of vitamin B,, in acute leu- 
kemia (12) ; unfortunately no such patients were 
available for the present study. 

Mollin, Pitney, Baker, and Bradley (3) have 
recently described delayed plasma disappearance 
of an intravenous dose of 1.5 micrograms of co- 
balt®* labelled vitamin B,, in two patients with 
chronic myelogenous leukemia. It is difficult to 
compare our results because of the difference in 
the doses used. It is of interest that they have 
taken the 6-minute plasma sample as representa- 
tive of 100 per cent of the injected dose. Our 
studies using both 1.5 (13) and 4 micrograms 
showed that 6 minutes following injection, 45 to 
65 per cent of the dose had left the plasma in nor- 
mal subjects and 15 to 34 per cent in the leukemic 
patients. These factors may explain the greater 
differences between the two groups of patients 
found in the present study. 

The mechanism of the increased binding of vita- 
min B,, in the serum of chronic myelogenous leu- 
kemic patients is not known. Vitamin B,, is 
bound to the alpha fraction of serum globulin in 
both normal subjects and leukemic patients (1, 4). 
Increases in the concentration of this protein have 
been reported in many diseases not accompanied by 
an elevation of serum vitamin B,, concentration 
(14-16). Material liberated by chronic mye- 
logenous leukemic white cells will bind vitamin B,, 
in vitro, and it has been suggested that this is the 
in vivo mechanism (2). However, the vitamin 
can be bound to normal white blood cells (17) as 
well as to other protein fractions. Further work 
is needed to clarify this problem. 

In any case, the present study demonstrates a 
biochemical plasma abnormality in a disease which 
chiefly affects white cells. Other biochemical 
changes which have been described in leukemia, 
such as alterations in the concentrations of alka- 
line phosphatase (11) and histamine (18), have 
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been intracellular. This relatively simple method 
of demonstrating increased in vivo binding of vita- 
min B,, may be useful clinically in differentiating 
myelogenous leukemia from leukemoid states. 


SUMMARY AND CONCLUSIONS 


1. Four micrograms of cobalt® labelled vitamin 
B,, were injected intravenously into normal sub- 
jects and patients with chronic myelogenous leu- 
kemia, and its plasma disappearance, tissue distri- 
bution and excretion were determined. 

2. A rapid decline in plasma radioactivity oc- 
curred in normal subjects, contrasted with a slow 
decline in patients with clinically active chronic 
myelogenous leukemia. Excretion in urine and 
stools was negligible. 

3. External monitoring of normal subjects, 
showed au increase in liver radioactivity through- 
out the period of observation, which was not as- 
sociated with a comparable fall in plasma radio- 
activity. No concentration of radioactivity was 
found in spleen or white cells of patients with 
leukemia. 

4. The plasma of patients with active chronic 
myelogenous leukemia can bind increased amounts 
of vitamin B,, in vivo. This may aid in differenti- 
ating chronic myelogenous leukemia from leuke- 
moid states. 

5. At the dosage level used, an increased bind- 
ing of cobalt® labelled vitamin B,, by chronic 
myelogenous leukemic tissue was not found. 
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THE INFLUENCE OF EXTRACELLULAR THYROXINE-BINDING 


PROTEIN UPON THE ACCUMULATION OF THYROXINE BY 


Within the blood stream, thyroxine is distrib- 
uted among the plasma proteins according to their 
relative binding affinities for this material. Thus, 
circulating thyroxine is principally associated with 
a moiety intermediate in electrophoretic mobility 
at pH 8.6 between the a, and a, globulins (1-6). 
This “thyroxine-binding protein” of plasma 
(TBP)*® has been localized in subfractions of 
plasma prepared by Method 6 of Cohn, and it has 
been shown that all subgroups of Fraction IV-4 
(especially IV-6 and IV-9) contain TBP greatly 
in excess of the normal serum proportions (6). 

In the present studies, the presence of TBP has 
been demonstrated in extravascular fluids, and 
Cohn Fractions (7-9) and tissue slices have been 
employed for in vitro models designed to assess the 
possible significance of TBP in the partition of 
thyroxine between cellular extracellular 
phases. 

1 This investigation was supported in part by research 
grant No. A-267 from the National Institute of Arthritis 
and Metabolic Diseases of the National Institutes of 
Health, Public Health Service, and in part by the Medi- 
cal Research and Development Board, Office of the 
Surgeon General, Department of the Army, under Con- 
tract No. DA-49-007-MD-412. 

2 Presented in part at the 1955 meeting of the Endo- 
crine Society, June 2-4, 1955, Atlantic City, New Jersey. 

3 Part of this work was performed during the tenure of 
a Fellowship of the American Cancer Society, Inc., rec- 
ommended by the Committee on Growth of the National 
Research Council, 1953-1955. 

4 Fellow in Cancer Research of the American Cancer 
Society, Inc. 

5 To date, TBP has not been isolated. Therefore, it 
cannot be said whether TBP represents a single protein 
or several proteins which exhibit similar physico-chemical 
properties in plasma protein mixtures. Furthermore, 


it remains to be demonstrated whether the affinities for 
thyroxine result from some specific configurational char- 
acterfstic of the TBP or merely from a richer endow- 
ment with more widely distributed thyroxine-binding 
residues. 
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MATERIALS 


Thyroxine. Chromatographically pure preparations of 
I™-labelled L- and D-thyroxine were obtained from a 
commercial source ® and employed within three days of 
their arrival in the laboratory. The initial specific ac- 
tivity of the D-thyroxine was 14 mc. per mg.; specific 
activities of L-preparations varied from 30 to 50 mc. per 
mg. In experiments involving both isomers, specific ac- 
tivities were adjusted to identical levels by diluting the 
labelled L-thyroxine with unlabelled L-thyroxine sodium.? 

Extracellular fluids. Thoracic duct lymph was ob- 
tained from a patient with spontaneous, unexplained 
chylothorax and femoral lymph was sampled from a pa- 
tient in whom a right femoral lymphocoele had arisen 
one week following ligation of the superficial femoral 
vein. Knee joint fluid was secured from a patient with 
rheumatoid arthritis and multiple specimens of ascitic 
fluid were obtained from subjects with hepatic cirrhosis. 
Samples were collected with local anesthesia and sterile 
precautions by direct needle aspiration. Sterile specimens 
of urine were collected from pediatric patients with 
lipoid nephrosis. Cell counts of all fluids were per- 
formed immediately. Fluids were then analyzed for 
specific gravity, total protein, albumin, protein-bound 
iodine and stored at — 20° C prior to zone electrophoresis. 

Tissues. Suitable pieces of heart, liver, and kidney 
were obtained from sheep, lambs, calves, or beef which 
had been sacrificed by exsanguination in the local abat- 
toir. Tissues were wrapped in cellophane bags, placed 
on cracked ice, and transported to the laboratory in 
Dewar flasks. 

Stock protein solutions. Solutions of mercaptalbumin 
(7)® and of Cohn Fractions II-III, IV-6, and V (8, 9) 
were prepared by dissolving the lyophilized proteins in 
isotonic saline. These solutions and sera obtained from 
two fasting euthyroid subjects were adjusted to pH 7.4 
and to the same concentration of total protein (4.0 + 0.1 
gm. per cent) and protein-bound iodine (PBI: 10+0.3 


6 Abbott Laboratories, Oak Ridge, Tenn. 

7 L-thyroxine sodium was 96.2 per cent pure on a dry 
basis and. was kindly supplied by Dr. A. E. Heming of 
Smith, Kline & French Laboratories, Philadelphia, Penna. 

8 Mercaptalbumin which had been dialyzed against 
cysteine to remove mercury was kindly provided by Dr. 
Margaret J. Hunter of the Department of Biophysical 
Chemistry of Harvard Medical School. 
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ug. per cent) by the addition of appropriate quantities 
of 0.3 N NaOH or HCl, 0.15 N NaCl, and powdered 
L-thyroxine sodium.? Values for total protein and PBI 
were verified by chemical analysis. 

Thyroxine-binding moieties in these stock protein solu- 
tions were compared by the zone electrophoretic and 
saturation techniques which have been described previ- 
ously (6). Thus, the relative abundance of primary 
(1.e., TBP) and secondary (i.e., albumin, etc.) thyroxine- 
binding components in the stock protein solutions could 
be graded as follows: 


Secondary 
carriers 


Primary 
carriers 


++++4+ 


Stock solution 


Cohn Fraction IV-6 
Serum 

Cohn Fraction V 
Mercaptalbumin 
Cohn Fraction II-III 


Since freeze-thawing does not alter TBP activity (6), 
the stock solutions were stored at — 20° C and aliquots 
were removed for the preparation of suspending media. 

Suspending media. For in vitro studies with tissue 
slices, Krebs-Ringer-Phosphate (KRP) (10) buffered at 
pH 7.4 and modified to contain 8.3 mM glucose and 0.8 
mM CaCl, per liter were employed. Fresh solutions of 
KRP, both with and without supplemental protein (KRP 
+ Prot., KRP-O-Prot.), were prepared for each experi- 
ment. KRP+ Prot. mixtures were obtained by substi- 
tuting the appropriate stock protein solution (v.s.) for an 
equivalent volume of NaCl. Such use of stock protein 
solutions facilitated the preparation of multiple KRP + 
Prot. media of identical pH, total protein, and PBI. In 
the KRP-O-Prot., total organic iodine was adjusted to 
levels corresponding to those in the KRP + Prot. by the 
addition of powdered L-thyroxine sodium.* 

The same two batches of stock protein solutions were 
used in the suspending media of all of the experiments re- 
ported below. 


METHODS 


Protocols of individual experiments will be outlined in 
the “Results” section. General experimental procedures 
were as follows: 

Analytical techniques. Paper electrophoresis was per- 
formed with apparatus and techniques described elsewhere 
(6). Concentrations of total protein were determined, in 
duplicate, by a modified biuret method (11) standardized 
by Kjeldahl determination of nitrogen in reference solu- 
tions of human albumin. Concentrations of albumin were 
measured, in duplicate, by the colorimetric, dye-absorp- 
tion method of Rutstein, Ingenito, and Reynolds (12). 
A micro-Kjeldahl method was employed for analysis of 
total nitrogen in duplicate aliquots of tissue slices. Pro- 
tein-bound iodine was estimated by the alkaline ash method 
of Barker, Humphrey, and Soley (13).9 

Extracellular fluids. To undiluted 1-ml. specimens of 
lymph, nephrotic urine, knee joint fluid, and ascitic fluid, 


® Todine analyses were performed by Bio-Science Lab- 
oratories, Inc., 2231 Carmelina Avenue, Los Angeles 64, 


Calif. 


0.06 wg. of L-thyroxine labelled with 1.8 uc. of I* were 
added. Joint fluids were further supplemented with 75 
units per ml. of hyaluronidase. The radioactive extra- 
cellular fluids were incubated for twenty minutes at room 
temperature; 0.020-ml. aliquots were then applied di- 
rectly onto Whatman No. 3 filter paper for zone-electro- 
phoresis at 110 volts. Studies were performed at pH 8.6 
in a barbituric acid-sodium barbiturate buffer, r/2 0.5, and 
at pH 4.5 in an acetic acid-sodium acetate buffer, r/2 0.1. 

Tissue incubation. Slices of heart, liver, and kidney 
cortex, 0.3 to 0.4 mm. in thickness, were prepared with a 
Stadie-Riggs microtome and placed in chilled 0.15 N 
NaCl. Prior to weighing, the slices were successively 
dipped into three portions of fresh saline in order to re- 
move adherent blood. Tissues were quickly blotted, 
weighed on a torsion balance, and introduced into 2.7 ml. 
of suspending medium contained within the main com- 
partment of chilled Warburg flasks. Within any single 
experiment, the tissue content of individual vessels did 
not differ by more than +10 mg. Representative slices 
were saved for nitrogen analyses. Three-tenths ml. of 
saline solutions containing 10 to 30 wc. of I°’-thyroxine per 
ml. were measured into the side-arms of the Warburg 
flasks. Preliminarily, these solutions had been adjusted to 
the same pH, and, with unlabelled thyroxine, to the same 
content of organic iodine as the KRP within the main 
compartments. The use of non-protein media within the 


side-arms of all of the flasks was designed to standardize 
the adsorption of radioactivity to glassware (6) during 


the preparative manipulations. 

After the addition of 0.2 ml. of 10 per cent potassium 
hydroxide to the center well, flasks were placed in a 
thermostatically controlled water bath at 38° C and shaken 
at 112 cycles per minute. Gas spaces were flushed for five 
minutes with 100 per cent oxygen. Side-arms were emp- 
tied into the main compartments at timed intervals fol- 
lowing fifteen minutes of temperature equilibration. Man- 
ometric techniques were as described elsewhere (14). 
Oxygen consumption (QO.) was derived as cu. mm. O, 
per hour per mg. of initial wet weight of tissue. 

Where more than nineteen flasks were required for a 
single experiment, tissues were incubated in 30-ml. beak- 
ers in the Dubnoff Shaking Incubator (shaking rate: 
104 per minute; gas phase: 100 per cent oxygen; tempera- 
ture: 38° C), and 0.3-ml. aliquots of radiothyroxine- 
saline solutions were directly introduced into the beakers 
following temperature equilibration. 

Flasks were removed one hour after the “tipping-in” 
of radioactivity. Slices were blotted on filter paper, 
weighed on a torsion balance, and digested in 2 N NaOH. 
Suspending solutions were centrifuged immediately and 
residual radioactivity was determined from 1.0-ml. ali- 
quots. In the standard experimental procedure no at- 
tempt was made to characterize the final radioactivity 
within the digested slices or the suspending media. 

To evaluate the significance of thyroxine degradations 
during the one-hour standard experimental procedure, 
chromatographic studies were performed. Incubated 
slices were quickly frozen on chipped solid carbon dioxide, 
and then homogenized in 3.0 ml. of distilled water con- 
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taining 10° M propylthiouracil. One ml. of the homoge- 
nate was removed for assay of total radioactivity; the 
remainder was acidified to pH 3.0 with 10 N H.,SO, and 
extracted three times with 2-ml. portions of n-butanol. 
The butanol e:.tracts were pooled; powdered propyl- 
thiouracil (3 tu 5 mg.) was added, and the volume was 
reduced with a stream of nitrogen at room temperature. 
The residues were applied onto thin strips of Whatman 
No. 1 filter paper for forty-eight hours of descending 
one-dimensional chromatography at 20.0 + 0.5° C in iso- 
pentanol saturated with 6 N NH,OH. This solvent sys- 
tem separates thyroxine from triiodothyronine, as well as 
from inorganic iodide and iodinated tyrosines (15). De- 
veloped strips were counted with a self-recording auto- 
matic strip-scanner and the percentage of the total radio- 
activity which migrated like unlabelled L-thyroxine car- 
rier was determined. Measured aliquots of the suspend- 
ing media were similarly treated for a) assay of total 
radioactivity, and for b) chromatographic fractionation 
of radioactive components. 

In the standard experimental procedure, total recovery 
of radioactivity was derived as the sum of the counts 
remaining within the medium (counts per ml. medium X 
3) plus the counts within the slices. Cellular “uptake” 
was expressed as a percentage of this total recovery 
(1.e., tissue counts X 100/total recovered counts). In the 
chromatographic studies, total counts within the slices 
and media were corrected for radioactive components 
other than thyroxine in order to derive corrected cellular 
“uptakes.” 

Attempts to express “uptake” as a percentage of the 
theoretically added number of counts or as an absolute 
number of counts without regard to the radioactivity of 
the medium were complicated by variable adsorption of 
radiothyroxine (a) to the side-arms of the Warburg ves- 
sels prior to “tipping-in,” especially at acidic pH; or (b) 
to the walls of the main compartment of the Warburg 
vessels following “tipping-in,’ especially into KRP-O- 
Prot. media. Since the precise contribution of glass sur- 
faces to thyroxine distribution cannot be quantified, it 
was felt that “uptake,” related to total recovery, best 
represented the partition of the residual radioactivity be- 
tween a fluid extracellular phase and a solid tissue phase. 

Cellular “uptake” was not corrected for adherent extra- 
cellular fluid. Arbitrary selection of a correctionefactor 
was not considered justified. Moreover, correction for 
extracellular fluid would not have altered relative inter- 
comparisons and would have affected absolute values only 
slightly. For example, even if 200 mg. of tissues sus- 
pended in 3 ml. of fluid were contaminated with 40 per 
cent by weight of extracellular fluid, the maximum ap- 
parent “uptake” due to extracellular occlusions could not 
exceed 2.7 per cent of the total radioactivity [(0.200 x 
0.40/3.0) X 100]. During true cellular accumulation, the 
suspending medium is depleted of radioactivity, and hence 
the potential occlusive error becomes even less. None- 


theless, it should be noted that the 2 to 3 per cent “up- 
takes” which were observed in some of the studies with 
KRP Fraction IV-6 may have represented predominantly 
extracellular radioactivity. 
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Radioactive assay. Electrophoretograms and chromato- 
graphic strips were scanned for radioactivity in an auto- 
matic strip scanner utilizing a gas-flow counter. The 
graphic recordings of radioactivity obtained from each 
strip were traced on hard paper of uniform thickness. 
The total curves and individual peaks were cut from the 
tracings and weighed, using a semi-automatic analytic 
balance of 0.05 mg. sensitivity. This permitted rapid and 
accurate integration of the total radioactivity and that of 
the individual peaks. 

In slice experiments, aliquots of the suspending media 
and of the digested or homogenized tissues were diluted 
in volumetric flasks. To minimize adsorption to glass- 
ware, all dilutions were immediately made alkaline to phe- 
nolphthalein and supplemented w:th small amounts of hu- 
man serum albumin and unlabelled thyroxine. Planchets 
were prepared and counted with a mica end-window Geiger- 
Muller tube connected to an automatic, self-recording 
sample changer. Geometry and self-adsorption character- 
istics were kept constant. 

Other liquid samples were counted directly in well-type 
scintillation counters containing crystal detector heads 
of thallium-activated sodium iodide. 

In all radioactive analyses, sufficient counts were ob- 
served to reduce the probable error of the measurement 
to less than + 3 per cent. 


RESULTS 


Thyroxine-binding components in extracellular 
fluids 


All fluids contained a thyroxine-binding com- 
ponent which simulated the zone-electrophoretic 
characteristics of the TBP of plasma (1-6, 14, 16) 
(Figure 1). Thus, part of the added radiothyroxine 
migrated intermediate between the a and the a, 
globulins at pH 8.6 and towards the anode at pH 
4.5. In all extracellular fluids, albumin constituted 
the chief secondary carrier for thyroxine. 

Unbound thyroxine does not display comparable 
mobilities under these conditions (6). Signifi- 
cant contamination of extracellular fluids with 
blood may be excluded on the basis of the low red 
blood cell counts (Figure 1). 


The interaction of thyroxine with tissue slices 


During incubation in vitro, surviving slices ac- 
cumulated radiothyroxine from the suspending 
media. Experiments were performed with slices 
of lamb, sheep, calf and beef kidney cortex, heart, 
and liver. In all studies, radioactive “uptakes” 
were greatest in KRP-—O-Prot. and varyingly re- 
duced in KRP + Prot. At equivalent concentra- 
tions of the total protein, the KRP + Prot. mix- 


; 
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tures impaired cellular “uptake” in direct propor- 
tion to their content of specific thyroxine-binding 
moieties. Thus, at protein concentrations ranging 
from 0.5 to 2.0 gm. per cent, the inhibitory po- 
tentials of the KRP + Prot. mixtures could be 
graded as follows: KRP + Fract. IV-6 > KRP 
+ serum > KRP + Fract. V or mercaptalbumin 
> KRF + Fract. II-III."° Table I represents 


10 The “differences between KRP-—O-Prot. and KRP + 
Fract. I1-III may be more apparent than real. The ab- 
solute cellular accumulations of radioactivity (1.c., counts 
per gm.) did not differ markedly in these two media. 
However, total recovery of radioactivity was consistently 
greater in KRP + Fract. II-III. Therefore, “uptake,” 
when expressed as a percentage of the total recovery, 
was less in KRP + Fract. II-III than in KRP-—O-Prot. 
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one such experiment wherein all vessels were in- 
cubated in triplicate in order to assess the repro- 
ducibility of “uptakes” in the standard experi- 
mental procedure. 

Chromatographic fractionation of sheep liver, 
kidney, and heart slices and KRP + Prot. and 
KRP-O-Prot. media following one hour of incu- 
bation revealed that unaltered radiothyroxine con- 
stituted more than 80 per cent of the total radio- 


It is possible that the inclusion of Fract. II-III in the 


suspending medium may have only impaired the adsorp- 
tion of radioactivity to glassware without altering ab- 
solute cellular accumulation. On the other hand, all of 
the other KRP + Prot. media effected a reduction of the 
absolute as well as the fractional “uptake” of radiothyrox- 
ine from the extracellular phase. 


EXTRACELLULAR FLUIDS 


The darkened lines represent the scanning pattern of the distribution of 
radioactivity following paper electrophoresis at pH 8.6 and at pH 4.5. 
Electrophoretograms stained with bromphenol blue have been reproduced 


underneath the scanning patterns. 
the photographic reproduction. 


However, staining detail has been lost in 
Values for protein-bound iodine 


(PBI) 


represent endogenous levels prior to supplementation with I'’-labelled L-thy- 


roxine. 


+ Total iodine in the nephrosis urine: 15.4 ug. per cent. 
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TABLE I 


“Uptake’’ of L-radiothyroxine by surviving slices of 
lamb kidney cortex: Reproducibility of 
measurements * 


““Uptake”’ 
(% of total recovery ) 


Suspending 
medium + 


O-Prot. 34.6, 35. 1.19 
Fract. II-III 2 24.4, 23. 29 
Mercaptalb. 1: 12.6, 11. 1.22 
Serum 8. 

3. 3. 


Fract. IV-6 


33.4, 


1.38 
1.42 


’ 


2 
4, 


* Tissues incubated for one hour in triplicate; total 
protein in KRP + Prot. media ranged from 1.5 to 1.6 gm. 
per cent; nitrogen content of tissue slices averaged 4.31 mg. 

¢ QO» is derived as cu. mm. O» per hour per mg. of 
initial wet weight and represents average of triplicate 
analyses. 


activity within all systems. Radioactive break- 
down products partitioned between slices and 
media in such a fashion so that ‘“uptakes” which 
had been corrected for radioactive components other 
than thyroxine did not differ significantly from un- 
corrected “uptakes” based on the total recovered 
radioactivity (Table II). The finding that the 
breakdown of thyroxine is minimal during one 
hour of incubation im vitro is in accord with the 
observations of Albright, Larson, and Tust in the 
rat (17) and supports the use of uncorrected “up- 
takes” in the standard experimenial procedure. 

To evaluate the kinetics of cellular accumulation, 
tissues were incubated in the Dubnoff apparatus 
and multiple analyses were secured at timed in- 
tervals. “Uptake” was not instantaneous, but 
rather slowly approached ultimate limiting values 
in all media. At all times throughout the equili- 
bration period, cellular “uptakes” were propor- 
tional to the thyroxine-binding components in the 
suspending media (Figure 2). Although the po- 
tential magnitude of thyroxine degradation during 
prolonged incubation has not been assessed, it 
should be noted that the qualitative interrelation- 
ships after 360 minutes of incubation did not differ 
from the findings at 30 minutes. 


Characteristics of the cellular/extracellular distri- 
bution of thyroxine in vitro 


Reversibility: Tissues were suspended in 3 ml. of 
KRP-O-Prot. containing I'*!-labelled L-thyrox- 
ine. Following one hour of incubation, control 
flasks were removed. To the remaining flasks 
were added 1 ml. of either KRP-—O-Prot. or KRP 


AND 
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TABLE II 


“Uptake” of L-radiothyroxine by surviving slices of lamb 
tissues: Corrected vs. standard ‘‘uptake’’ * 


“Uptake” 


Suspending 


Tissue medium + Standardt Correctedt 


O-Prot. 
Fract. II-III 
Fract. 


O-Prot. 
Fract. II-III 
Fract. I1V-6 


O-Prot. 
Fract. II-III 
Fract. IV-6 


Kidney 


cortex 


Heart 


* Tissues incubated for one hour; total protein in KRP + 
Prot. media ranged from 1.4 to 1.5 gm. per cent, 

Standard “‘Uptake’’: Tissue expressed as a per- 
centage of total recovered radioactivity. 

t Corrected ‘‘Uptake’’: Tissue radioactivity expressed 
as a percentage of chromatographically-identified radio- 
thyroxine within slices and media. 


+ Fract. 1V-6 (5.9 gm. per cent). Paired groups 
of flasks were removed at 20-minute intervals 
during the next hour. Analysis revealed that the 
introduction of KRP + Prot. was followed by a 
rapid removal of radioactivity from the slice 
(Figure 3). The tissue content of I'** approached 
a low, apparently limiting value at 40 minutes. 
Where only KRP-—O-Prot. had been added, thy- 


roxine distribution was not significantly altered. 
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% OF TOTAL RECOVERED RADIOACTIVITY 
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“UptraKE” oF L-RADIOTHYROXINE BY SURVIVING 
oF CALF HEART 


“Saline” refers to KRP-—O-Prot. and the “II-III, albu- 
min, serum and IV-6” refer to the various KRP + Prot. 
suspending media. Cellular “uptake” is expressed as a 
percentage of the total recovered radioactivity. Nitrogen 
content of the incubated slices ranged from 3.42 to 3.76 
mg; total protein in the KRP + Prot. mixtures varied 
from 1.4 to 1.5 gram per cent. 


2, 


26.6 24.8 
3.9 3.7 
49.8 48.2 
Liver 32.1 30.1 ig 
74.3 80.0 = 
7 32.8 34.8 : 
4.9 4.5 
SALINE 
x 
/, 


NORBERT FREINKEL, SIDNEY H. INGBAR, AND J. THOMAS DOWLING 


formed wherein 1) varying amounts of Fraction 
IV-6 were incubated with constant amounts of 
surviving tissue slices and the distribution of radio- 
thyroxine was quantified by direct analysis, and 2) 


iN 


KRP + IV-6 


% OF TOTAL RECOVERED RADIOACTIVITY 


¢ 
/ 
1 


L 
100 


INCUBATION TIME (Minutes ) 


120 


Fic. 3. REVERSIBILITY OF THE TISSUE “UPTAKE” OF 
L-RADIOTHYROXINE 
Slices of sheep heart were incubated for one hour in 
KRP-O-Prot. containing I*-labelled L-thyroxine. Con- 
trol flasks were removed and 1-ml. portions of non-radio- 
active KRP-O-Prot. or KRP + Fract. IV-6 were added 


to the remaining flasks. 


Protein concentration: When the concentration 
of Fraction IV-6 in the suspending medium was 
kept constant and slice weight was varied, cellular 
“uptake” varied in relation to tissue mass. Con- 
versely, when slice weight was kept constant, and 
IV-6 was varied, cellular “uptake” was inversely 
proportional to the extracellular TBP (Figure 4). 

Similar relationships have been observed with 
simple plasma protein mixture (6). To document 
the parallelisms, paired experiments were per- 
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The effects of variations in tissue mass and in the 
concentrations of extracellular KRP + Fract. IV-6 are 
demonstrated. Nitrogen content of the kidney slices 
averaged 1.72 mg. N per 100 mg. of initial wet weight. 


varying amounts of IV-6 were incubated with con- 
stant amounts of mercaptalbumin and the distribu- 
tion of radiothyroxine was assessed by paper elec- 
trophoresis. In both systems, the partition of 
thyroxine was conditioned by the availability of 
TBP (Figure 5). 

Thyroxine concentration: L-thyroxine within all 
suspending media was increased by the addition 
of unlabelled thyroxine. Concentrations of cellular 
and extracellular proteins were kept constant. 
This resulted in an augmented percentile ‘“‘uptake”’ 
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Fic. 5. SIMILARITIES IN 1HE DistrIBUTION OF THy- 
ROXINE IN MIXTURES OF PLASMA PROTEINS AND IN 
CELLULAR SYSTEMS 

All solutions were adjusted with L-thyroxine to an ini- 
tial concentration of 0.15 ug. of organic iodine per ml. 
Heart slices were obtained from lambs and averaged 
1.68 mg. of nitrogen per 100 mg. of initial wet weight. 


0.01 


and in a greater absolute accumulation of thyrox- 
ine than might be anticipated on the basis of a 
fixed cellular/extracellular distribution equilibrium 
(Table III). Systems containing KRP + Fract. 
IV-6 were least affected by the added thyroxine. 
Thus, in the experiment depicted in Table III, the 
change in cellular “uptake” in KRP + IV-6 is of 
questionable significance although the increases in 
all other media exceed the limits of methodological 
variability. Enhancement of “uptake” was most 
pronounced at low concentrations of extracellular 
proteins. Completely protein-free media were 
not achieved. Protein concentrations of 20 to 30 
mg. per cent (with slices of kidney and heart) or 
100 to 150 mg. per cent (with slices of liver) were 
frequently demonstrated in suspending media fol- 
lowing incubation in KRP-—O-Prot. Whether 
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TABLE III 


“Uptake” of L-radiothyroxine by surviving slices of 
lamb kidney cortex: Relationship to 
thyroxine concentration * 


Uptake” 
(% of total recovery) 
Suspending — 
medium + Low Tx.t High Tx.t 
O-Prot. 53.9 68.1 
Fract. II-III 26.1 45.9 
Fract. V 18.4 25.8 
Serum 8.1 16.3 
Fract. [V-6 4.1 4.8 


* Tissues incubated for one hour; total protein in KRP + 
Prot. media was 0.5 gm. per cent; nitrogen content of 
tissue slices averaged 4.40 mg. 

Low Tx.: Chemically-estimated protein-bound iodine 
in KRP + Prot. media ranged from 2.9 to 3.4 ug. per cent. 

t High Tx.: Chemically-estimated protein-bound iodine 
in KRP + Prot. media ranged from 9.7 to 11.0 ug. per cent. 


these proteins originated as adherent plasma pro- 
teins or were leached into the medium during in- 
cubation cannot be stated. 

Thyroxine isomers: Differences in the metabo- 
lism of thyroxine isomers in vivo were studied in 
a euthyroid volunteer and in a patient with un- 
treated primary myxedema. Intravenous doses of 
70 pe. (6yg.) of I**-labelled D-thyroxine and 
50 pe. (2yg.) of I['*!-labelled L-thyroxine were 
given to each subject at intervals of six weeks. 
Daily blood samples were secured for nine days 
following each administration. In both subjects, 
the early dilution (cf. blood level Day 1) and the 
subsequent rate of disappearance (cf. blood levels 
Day 2 to Day 9) of D-thyroxine exceeded that of 
the L-isomer (Figure 6). Rall, Robbins, Becker, 


TABLE IV 
“Uptake” of thyroxine isomers by surviving slices of lamb kidney cortex: Relationship to oxygen tension * 
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DAYS FOLLOWING ADMINISTRATION OF RADIOTHYROXINE 
Fic. 6. THe DisAPpPEARANCE OF LABELLED THYROX- 
INE ISOMERS FROM THE CIRCULATION OF HUMAN 
SUBJECTS 


and Rawson (18) have reported similar obser- 
vations. 

For in vitro studies, tissue slices were incubated 
in “two isomer” and in “‘one isomer” systems. In 
the former, protein and non-protein KRP prepa- 
rations were adjusted to an organic iodine content 
of 0.07 pg. per ml. with unlabelled L-thyroxine and 
then supplemented with 0.06 ng. per ml. of either 
D- or L-radiothyroxine. The isomeric mixtures 
were designed to simulate the conditions in vivo 
which obtain following the administration of 
D-thyroxine. In the “one isomer” systems, KRP 
preparations were supplemented exclusively with 
0.14 wg. per ml. of either D- or L-radiothyroxine. 
Concentrations of proteins in KRP-Prot. were 
sufficiently low (5 mg. per ml.) to minimize the 
contributions of the endogenous protein-bound 
iodine. Both the “one isomer” (Table IV) and 
the “two isomer” (Figure 7) systems yielded 


100% Oxygen 


100% Nitrogen 


Suspending Initial Final 
medium + pH pH 


“Uptake” 


Final 
pH “Uptake” QO: 


L-Thyroxine 


O-Prot. 7.23 7.12 46.2 1.16 6.88 48.6 
Fract. II-III 7.24 7.28 26.1 1.26 6.91 35.4 
Serum 7.32 7.40 8.1 1.18 6.95 10.7 
KRP + IV-6 7.26 7.30 4.1 1.36 7.03 a2 
D-Thyroxine 
O-Prot. 7.23 wie 53.9 1.17 6.90 55.6 
Fract. II-III 7.24 7.30 35.4 1.19 6.91 42.5 
Serum 7:32 7.40 18.9 1.13 7.00 18.5 
KRP + IV-6 7.26 7.32 8.2 1.40 7.07 6.1 


as percentage of total recovered radioactivity. 


* Tissues incubated for one hour; total protein in KRP + Prot. media was 0.5 gm. per cent, “Uptake” calculated 


t “One isomer systems’’ (see text): Media supplemented to contain 0.14 ug. per ml. of either D- or L-radiothyroxine. 
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All KRP media were adjusted with unlabelled L-thy- 
roxine to contain 0.07 ug. of organic iodine per ml. 
“Two isomer systems” (see text) were prepared by sup- 
plementing the suspending solutions with 0.06 wg. per ml. 
of either D- or L-radiothyroxine. Concentrations of 
total proteins in the KRP + Prot. mixtures ranged from 
1.9 to 2.0 gm. per cent. 


Fic. 7. 


similar results. The percentile “uptake” of the 
D-thyroxine varied inversely with the abundance 
of thyroxine-binding moieties in the suspending 
media. Cellular accumulation of D-radiothyroxine 
was greatest in KR P-—O-—Prot. and least in KRP + 
IV-6. The “uptake” of the D-material exceeded 
that of the L-isomer in all media. Differences in 
the “uptake” of the isomers were least marked in 
KRP-O-Prot. 

pH: KRP-O-Prot. and KRP + Fract. IV-6 
media were adjusted to varying pH levels prior 
to the introduction of tissue slices. In KRP + 
Fract. IV-6, cellular “uptake” varied inversely 
with pH (Figure 8). For kidney cortex and 
heart, pH dependencies were neither as marked 
nor as consistent in the KRP-—O-Prot. systems. 

In all suspending media, the total recovery of 
radioactivity was consistently diminished at low 
pH. This enhances the significance of the in- 
creased cellular “uptakes” from acidic KRP + 
Fract. IV -6, since the reverse might be anticipated 
on the basis of the relationship between “uptake” 
and thyroxine concentration which has been de- 
scribed above. 


Metabolic relationships in vitro 


The effect of cellular “uptake” upon cellular 
respiration: Cellular respiratory activity was un- 
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altered by variations in cellular “uptake.” The 
profound changes in “uptake” which were effected 
by substituting KRP-—Prot. for KRP—O-Prot., or 
by increasing the extracellular concentration of 
thyroxine, did not significantly affect QO,. 
However, the presence of IV-6 in the suspend- 
ing medium was often, although not invariably, as- 
sociated with an immediate and a sustained fifteen 
to thirty per cent augmentation of cellular respira- 
tion. This was unrelated to the absolute amount 
of thyroxine within the system. In the experiment 
which is partly pictured in Figure 4, the QO, 
values of surviving kidney slices in KRP contain- 
ing 40, 20, 15, 10, 2.5, 0.5, 0.1, or 0.0 mg. per ml. 
of Fraction IV-6 were 1.73, 1.50, 1.51, 1.38, 1.29, 
1.32, 1.32 and 1.33, respectively. The concomitant 
respective “uptakes” were 3.0, 3.4, 4.2, 5.2, 20.0, 
39.0, 51.1, and 54.5 per cent. Occasional immedi- 
ate enhancement of respiration also occurred in 
media which had been supplemented with Fraction 
V or serum. These inconstant effects of certain 
proteins could not be correlated with any variant of 
the incubation procedure, nor could they be dupli- 
cated with triiodothyronine. The phenomenon 


remains unexplained and is currently under in- 


vestigation. 

The effect of cellular metabolism upon cellular 
“uptake”: Substitution of 100 per cent nitrogen 
for 100 per cent oxygen in the standard experi- 
mental procedure did not produce consistent al- 
LIVER 
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Final pH values above 7.5 were obtained by substituting 
Tris (hydroxymethyl) aminomethane (0.1 M) for phos- 
phate buffer in the preparation of the most alkaline sus- 
pending media. 
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terations in the “uptake” of radiothyroxine by 
surviving slices (Table IV). When surviving 
slices were incubated for one hour at 8° C rather 
than at 38° C, “uptakes’” were significantly de- 
pressed (Table V). ‘“Uptakes” were not im- 
paired by boiling duplicate sets of weighed slices 
for ten minutes prior to ircubation (Table V). 
The “uptakes” by boiled tissues from KRP-O-— 
Prot. and KRP + Fract. II-III media were even 
greater than those of unboiled controls. The en- 


hancement of “uptake’’ may have resulted from 
loss, during boiling, of those cellular or interstitial 


thyroxine-binding components which are leached 
into the incubating medium during the standard 
experimental procedure (v.s.), and which ordi- 
narily augment the thyroxine-binding capacity of 
the extracellular phase. However, alternative ex- 
planations cannot be excluded. 


DISCUSSION 


Certain lines of evidence would suggest that the 
combination of thyroxine with plasma TBP may 
be of importance in the extravascular disposition 
of thyroxine. In an earlier report (19) it had 
been noted that the values for the turnover and 
distribution of radiothyroxine in humans (19, 20- 
23) are somewhat similar to those of such macro- 
molecules as labeiled plasma proteins (24-27) 
or highly associated complexes of dye and protein 
(28). Since that time, Alpers and Rall (29) 
have reported the presence of plasma TBP in 
cerebrospinal fluid, and, in the present communi- 
cation, TBP has been demonstrated in other nor- 
mal and abnormal extravascular fluids. These re- 
cent findings would suggest that plasma TBP, 
like other plasma proteins, is distributed in a por- 
tion of the body waters which includes freely- 
exchanging intra- and extravascular components. 
Moreover, the data lend support to the concept of 
a “thyroxine-space” whose anatomical boundaries 
may be delimited by the thyroxine-binding protein. 
It is quite likely that free, unbound thyroxine is 
involved in the ultimate transcellular exchange of 
thyroxine. Nonetheless, from the available evi- 
dence it may be inferred that extracellular thyrox- 
ine is chiefly in association with a plasma protein 
carrier, and that tissue thyroxine must be ab- 
stracted from such a reservoir. 

In the present studies, in vitro models were 
designed to assess the static factors which may in- 
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TABLE V 


“ Uptake”’ of l-radiothyroxine by slices of sheep kidney cortex: 
Relationship to temperature and tissue viability * 


“Uptake” (% of total recovery) 
Surviving slices 

Suspending 

medium + 


O-Prot. 
Fract. II-III 
Fract. IV-6 


* Tissues incubated for one hour; total protein in KRP + 
Prot. media ranged from 1.8 to 1.9 gm. per cent. 


fluence this partition of thyroxine between cellular 
and extracellular phases. A high degree of speci- 
ficity was afforded by the availability of plasma 
protein fractions of known and varied thyroxine- 
binding capacities.‘ Furthermore, by chromato- 
graphic techniques it could be demonstrated that 
during the standard experimental period of one 
hour, cellular degradation of thyroxine was in- 
sufficient to influence appreciably the static distri- 
bution phenomena. Thus, simple systems could 
be devised to characterize a) the cellular “uptake” 
of thyroxine, b) the relationship between cellular 
“uptake” and extracellular events. 

“Uptake” by tissues in vitro was shown to be 
dependent upon temperature but unrelated to cel- 
lular metabolic activity. Anoxia did not depress 
“uptake” nor did such drastic procedures as de- 
naturation of tissue proteins by boiling. Thus, it 
is apparent that the establishment of concentration 
differentials for thyroxine between slices and sus- 
pending media constitutes an equilibrium binding 
phenomenon rather than an “active” transport. 


11 The use of human plasma fractions in association with 
animal tissues may be questioned. Obviously, systems 
containing homologous cellular and extracellular phases 
would have been preferable. This was possible for stud- 
ies involving KRP + serum. In preliminary experiments, 
comparable modifications of slice “uptakes” were ef- 
fected with KRP-+ Homologous Animal Serum and 
KRP + Heterologous Human Serum. For  experi- 
ments with Cohn Fractions, homologous systems were 
not feasible. However, studies witli animal sera (30) 
have demonstrated that in sheep, lambs, beef and calves, 
as in humans, circulating thyroxine is principally associ- 
ated with a discrete alpha-globulin moiety. Moreover, 
albumin constitutes the chief secondary carrier for thy- 
roxine in all these species. The gross parallelisms in 
plasma transport suggest that extravascular distribution 
phenomena may be similar also, and that heterologous 
systems may be employed for their qualitative evaluation. 
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Crispell and Coleman (31) have reached similar 
conclusions about the binding of radiothyroxine by 
intact human red cells (32). As such, it is not 
surprising that many of the present findings simu- 
late previous observations which were made with 
mixtures of plasma proteins (6). At that time, it 
was concluded that thyroxine is distributed among 
plasma proteins according to a reversible binding 
equilibrium between a finite amount of TBP and 
relatively unlimited quantities of secondary car- 
riers of lesser binding affinities. For simplicity, 
an inert role was assigned to the thyroxine mole- 
cule and the binding partition between the com- 
peting proteins was described in terms of a two- 
component system. Certainly much of the present 
data may be formulated in a similar fashion. 

First, it has been demonstrated that the “up- 
take” of thyroxine by surviving slices progressively 
approaches limiting values. Admittedly, this could 
represent cellular saturation. However, since the 
ultimate “uptake” is a function of the protein con- 
tent of the suspending medium, it seems more 
likely that the asymptote is determined by some 
form of distribution equilibrium between cellular 
and extracellular binding moieties. Secondly, the 
capacity of extracellular media to diminish the 
cellular “uptake” of thyroxine is directly propor- 
tional to their content of soluble thyroxine-binding 
proteins (especially TBP). This correlation 
would indicate that changes in “uptake” are not 
due merely to non-specific van der Waals’ inter- 
actions between thyroxine and extracellular macro- 
molecules. Thirdly, thyroxine already bound by 
the cell can be withdrawn therefrom by the intro- 
duction of TBP into the medium, much as the ad- 
dition of TBP to plasma protein mixtures can re- 
cover thyroxine from albumin (6). Finally, as 
one would expect from equilibrium principles, the 
distribution of a constant amount of thyroxine can 
be predictably altered by varying the concentra- 
tion of either the cellular or the extracellular bind- 
ing reactants. 

In mixtures of plasma proteins, thyroxine can 
be displaced from TBP onto albumin by the addi- 
tion of increasing amounts of thyroxine (6). 
Similarly, cellular “uptake” can be augmented by 
increasing the concentration of extracellular thy- 
roxine. The findings would indicate that the par- 
tition of thyroxine in both systems is conditioned 
not only by the relative abundance of binding moie- 


ties, but also by the absolute amount of thyroxine 
which is to be bound. For mixtures of plasma pro- 
teins, this thyroxine-dependent spectrum of distri- 
bution equilibria has been attributed to relative 
saturation of TBP. A similar explanation may be 
invoked in the slice preparation and it should be 
noted that truly protein-free suspending media 
were not achieved even in the KRP-—O-Prot. sys- 
tems. However, it cannot be excluded that some 
of the enhancement of cellular “uptake” may have 
resulted from saturation of adsorbing glass sur- 
faces, or from some intrinsic characteristic of cellu- 
lar binding reactions, which is independent of ex- 
tracellular proteins. 

In some of the other experiments, analogy be- 
comes more complicated. For example, tlie uptake 
of D-thyroxine from all suspending media, ex- 
ceeded that of the L-isomer. Robbins and Rall 
(33) noted little differences in the binding of thy- 
roxine isomers by TBP. Contrariwise, Larson 
and Albright (34) reported that plasma TBP 
binds L-thyroxine much more tenaciously than 
the D form. In the face of these contradictory 


findings it remains to be elucidated whether the 
preferential tissue accumulation of D-thyroxine 


in vitro and the more rapid turnover of D-thyrox- 
ine in vivo are conditioned solely by extracellular 
factors. 

Similarly, it should be noted that TBP has not 
yet been isolated, the cellular sites for binding thy- 
roxine have not been defined, and even the iso- 
electric point for thyroxine has not been deter- 
mined. Thus, more than descriptive analysis of 
the increase of cellular “uptake” which occurs in 
KRP + IV-6 media at acidic pH is not warranted. 
Since thyroxine is an amino acid, and plasma TBP 
and tissues are protein, electrostatic interactions 
(35) of all three are theoretically capable of inde- 
pendent and interdependent modifications by pH. 
pH may alter not only TBP or cellular binding 
affinities, but also the configurational characteris- 
tics of the thyroxine molecule which make for its 
binding at the same or at different sites by TBP or 
cells. 

Limitations of the present data should be recog- 
nized. The site of cellular “uptake” has not been 
localized ; thus, distinction cannot be made between 
simple binding onto cell surfaces and “uptake” 
which reflects penetration to subcellular particles 
beyond cell-membrane barriers. Moreover, the 
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possibility that extracellular proteins may facilitate 
transcellular flux has not been evaluated. Current 
investigations in this laboratory are focused in 
these directions. 

For the moment, the precise correlations be- 
tween the slice studies and the intact animal are 
conjectural. However, it does not seem unlikely 
that the in vitro system reproduces the static phe- 
nomena which obtain in vivo. Hence, in the whole 
animal, at any single instant, the partition of thy- 
roxine between cellular and extracellular phases 
may be conditioned by the absolute concentration 
of thyroxine, and by the quantitative balance be- 
tween cellular and extracellular binding moieties. 
Furthermore, on the basis of the slice experiments, 
it seems plausible that this partition may be acutely 
altered by such sequelae of intracellular metabolism 
as pH changes independent of fluctuations in the 
absolute concentration of any of the interacting 
variables. 

In more dynamic terms, thyroxine exchanges 
in the living animal differ markedly from the one- 
hour slice experiments. /n vivo, there is a continu- 
ous irreversible removal of thyroxine from the 
“thyroxine-space” through cellular degradation 
and fecal losses. This is counterbalanced by the 
delivery of an equivalent amount of new thyroxine 
from the intrathyroidal hormone stores. In addi- 
tion, there is probably a constant renewal and 
degradation of the cellular and extracellular thy- 
roxine-binding components. All of these factors 
must be considered in attempts to extend the avail- 
able information into any formulation for the in- 
tact animal. 

The sequence may be written: 


+ (TBC)zc = 
+ (TBC)c 


(TBC) gc Tx 


(TBC)c Tx — T’ 
wherein: 
Tx = Thyroxine 
(TBC)gc = Extracellular thyroxine-binding 


components (principally plasma 


TBP) 


(TBC)c = Cellular thyroxine-binding com- 
ponents (presumably protein in 
nature but as yet unidentified) 


T’ = Products of cellular thyroxine deg- 
radation. 


Net irreversible removal of thyroxine from the 
“thyroxine space” would then be equivalent to T’ 
plus the fecal losses of unaltered thyroxine. 

Attention in the present and in the preceding 
communication (6), has been centered upon the 
binding interactions which determine the reversi- 
ble distribution of thyroxine. It is tempting to 
speculate upon the potential mechanisms by which 
these binding interactions could limit the rate of 
net thyroxine degradation in vivo. 

Various possibilities suggest themselves : 

1) The extrathyroidal “thyroxine space” aver- 
ages ten per cent of body weight in euthyroid hu- 
mans (19). This would imply that the static cel- 
lular/extracellular partition may always favor the 
extracellular phase and that only trace amounts 
of cell-bound thyroxine [i.e., (TBC), Tx] may be 
present at any single moment. Nonetheless, since 
cellular “uptake” must precede cellular disposi- 
tion,’* and since “uptake” is determined by 
the quantitative interactions between (TBC)o, 
(TBC) ge, and Tx, rate-limiting roles in the forma- 
tion of T’ must be assigned to the static concentra- 
tions of all three. 

2) At any value for the binding equilibrium be- 
tween (TBC)c, (TBC) xo, and Tx: a) If rates of 
cellular degradation exceed those of cellular “up- 
take,” then cell-binding [i.e., Tx + ( TBC)c= 
(TBC)¢ Tx] may limit net thyroxine turnover; 
b) If rates of cellular “uptake” exceed those of 
cellular degradation, then the rate at which T’ is 
formed may delimit the rate at which Tx is dis- 
placed from (TBC)xe onto The con- 
tinued shift to the right would constitute a mecha- 
nism whereby cellular degradation of thyroxine 
could regulate the extracellular turnover of thy- 
roxine. 

3) Alternatively, despite a fixed cellular/extra- 
cellular distribution, net thyroxine degradation 
might be delimited by the turnovers of (TBC) ¢ 
or (TBC)xge0, if: a) (TBC) ¢ Tx is degraded as an 
intact unit, or b) (TBC) gc Tx enters the cell as an 
intact unit, or c) Tx is made available to the cell 


12 A relationship between “uptake” and subsequent dis- 
position may also exist at subcellular levels. Klemperer 
has described a mitochondrial preparation wherein the 
uncoupling of certain oxidative phosphorylations by mito- 
chondria in vitro (36) is directly correlated with the prior 
mitochondrial “uptake” of thyroxine from the suspending 
medium (37). 
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as a consequence of the disruption of (TBC) x0 
at the cell surface. The metabolism of thyroxine 
would thus be linked to the metabolic fate of the 
thyroxine-binding components. 

To date, the diverse possibilities have not been 
explored in the intact animal. It does not seem 
unlikely that they are all concurrently operative in 
determining the net transcellular exchange of thy- 
roxine. However, for the time being, they must 
be regarded as hypothetical extrapolations of more 
limited data, and as such, be subjected to future 
experimental documentation or refutation. 


SUMMARY 


1. The thyroxine-binding proteins of diverse 
human extracellular fluids have been localized by 
zone-electrophoretic techniques. 

2. In vitro experiments have been conducted to 
assess the significance of extracellular proteins in 
the partition of thyroxine between cellular and 
extracellular phases. Model systems have been 
devised with surviving slices of liver, heart, and 
kidney cortex and with suspending media contain- 


ing human plasma fractions of varied thyroxine- 


binding potencies. 

3. It has been demonstrated that “uptake” of 
thyroxine by tissues in vitro is not dependent upon 
cellular metabolic activity, and that thyroxine dis- 
tribution, in such systems, can be formulated in 
terms of a reversible binding equilibrium between 
cellular and extracellular thyroxine-binding com- 
ponents. 

4. Possible implications of the data for the net 
transcellular flux of thyroxine in vivo have been 
discussed. 


ACKNOWLEDGMENTS 


We are indebted to Dr. Eiichi Yamazaki for his help 
in some of the chromatographic studies and to Miss Alice 
Ballou for her technical assistance in the nitrogen esti- 
mations. Facilities for the fractionation of human plasma 
were made available through the generosity of Dr. Robert 
B. Pennell and Dr. John L. Oncley of the Department of 
Biophysical Chemistry of Harvard Medical School and 
Dr. John M. Newell and Mr. Roderick D. Dwyer of the 
Massachusetts Public Health Biologic Laboratories. Tis- 
sues from sheep, lambs, beef and calves were obtained 
through the kind cooperation of Mr. Harold N. Larson 
and Mr. Fred Johannes of the New England Dressed 
Meat and Wool Co., Somerville, Mass. 


REFERENCES 


. Gordon, A. H., Gross, J., O’Connor, D., and Pitt- 


Rivers, R., Nature of the circulating thyroid hor- 
mone-plasma protein complex. Nature, 1952, 169, 
19. 


. Larson, F., Deiss, W. P., and Albright, E. C., Locali- 


zation of protein-bound radioactive iodine by filter 
paper electrophoresis. Science, 1952, 115, 626. 


. Winzler, R. J., and Notrica, S. R., Association of 


thyroxine with plasma proteins. Federation Proc., 


1952, 11, 312. 


. Robbins, J., and Rall, J. E., Zone electrophoresis in 


filter paper of serum I™ after radioiodide adminis- 
tration. Proc. Soc. Exper. Biol. & Med., 1952, 81, 
530. 


. Horst, W., and Rosler, H., Der Transport des Hor- 


monjods in menschlichen Serum untersucht mit 
Papierelektrophorese und Radiojod. (Zugleich ein 
Beitrag zur Frage der Existenz von sog. Zwischen- 
fraktionen.) Klin. Wehnschr., 1953 31, 13. 


. Freinkel, N., Dowling, J. T., and Ingbar, S. H., The 


interaction of thyroxine with plasma _ proteins: 
Localization of thyroxine-binding protein in Cohn 
fractions of plasma. J. Clin. Invest., 1955, 34, 
1698. 


. Hughes, W. L., Jr., An albumin fraction isolated 


from human plasma as a crystalline mercuric salt. 
J. Am. Chem. Soc., 1947, 69, 1836. 


. Cohn, E. J., Strong, L. E., Hughes, W. L.,.Jr., Mul- 


ford, D. J., Ashworth, J. N., Melin, M., and 
Taylor, H. L., Preparation and properties of serum 
and plasma proteins. IV. A system for the separa- 
tion into fractions of the protein and lipoprotein 
components of biological tissues and fluids. J. Am. 
Chem. Soc., 1946, 68, 459. 


. Surgenor, D. M., Strong, L. E., Taylor, H. L., Gor- 


don, R. S., Jr., and Gibson, D. M., The separation 
of choline esterase, mucoprotein, and metal-com- 
bining protein into subfractions of human plasma. 
J. Am. Chem. Soc., 1949, 71, 1223. 


. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., 


Manometric Techniques and Tissue Metabolism, 
2nd ed., Minneapolis, Burgess Publishing Co., 1949. 


. Mehl, J. W., The biuret reaction of proteins in the 


presence of ethylene glycol. J. Biol. Chem., 1945, 
157, 173. 


. Rutstein, D. D., Ingenito, E. F., and Reynolds, W. E., 


The determination of albumin in human_ blood 
plasma and serum. A method based on the inter- 
action of albumin with an anionic dye—2-(4'-hy- 
droxybenzeneazo) benzoic acid. J. Clin. Invest., 


1954, 33, 211. 


. Barker, S. B., Humphrey, M. J., and Soley, M. H., 


The clinical determination of protein-bound iodine. 
J. Clin. Invest., 1951, 30, 55. 


. Freinkel, N., and Ingbar, S. H., The relationship 


between metabolic activity and iodide-concentrating 
capacity of surviving thyroid slices. J. Clin. Endo- 
crinol. & Metab., 1955, 15, 442. 


we. 
7 
wit 
a 
| 


THYROXINE-BINDING PROTEIN AND THYROXINE UPTAKE BY TISSUE 37 


. Roche, J., Lissitzky, S., and Michel, R., Chromato- 
graphic analysis of radioactive iodine compounds 
from the thyroid gland and body fluids in Glick, D., 
Ed., Methods of Biochemical Analysis, Vol. I, 
New York, Interscience Publishers, Inc., 1954, p. 
247. 

. Robbins, J., Petermann, M. L., and Rall, J. E., Elec- 
trophoresis of the thyroxine-binding protein of se- 
rum at pH 4.5. J. Biol. Chem., 1955, 212, 403. 

Albright, E. C., Larson, F. C., and. Tet. Fi, 
In vitro conversion of thyroxin to triiodothyronine 
by kidney slices. Proc. Soc. Exper. Biol. & Med., 
1954, 86, 137. 

. Rall, J. E., Robbins, J., Becker, D., and Rawson, 
R. W., The metabolism of labeled 1-triiodothyronine, 
I-thyroxine and d-thyroxine. J. Clin. Invest., 1953, 
32, 596. 

. Ingbar, S. H., and Freinkel, N., Simultaneous estima- 
tion of rates of thyroxine degradation and thyroid 
hormone synthesis. J. Clin. Invest., 1955, 34, 808. 
. Albert, A., and Keating, F. R., Jr., Metabolic stud- 
ies with I™ labeled thyroid compounds. Compari- 
son of the distribution and fate of radioactive d-l- 
thyroxine after oral and intravenous administration 
in the human. J. Clin. Endocrinol., 1949, 9, 1406. 

. Myant, N. B., and Pochin, E. E., The metabolism of 
radiothyroxine in man. Clin. Sc., 1950, 9, 421. 

. Hamolsky, M. W., Freedberg, A. S., Kurland, G. S., 
and Wolsky, L., The exchangeable thyroid hor- 
monal pool. I. Its magnitude and rate of turnover 
in various thyroid states in man. J. Clin. Invest., 
1953, 32, 453. 

. Berson, S. A., and Yalow, R. S., Quantitative aspects 
of iodine metabolism. The exchangeable organic 
iodine pool, and the rates of thyroidal secretion, 
peripheral degradation and fecal excretion of en- 
dogenously synthesized organically bound iodine. 
J. Clin. Invest., 1954, 33, 1533. 

. Sterling, K., The turnover rate of serum albumin in 
man as measured by I*"-tagged albumin. J. Clin. 
Invest., 1951, 30, 1228. 

. Berson, S. A., Yalow, R. S., Schreiber, S. S., and 
Post, J., Tracer experiments with I labeled hu- 
man serum albumin: distribution and degradation 
studies. j. Clin. Invest., 1953, 32, 746. 

. Armstrong, S. H., Jr., McLeod, K., Wolter, J., and 
Kukral, J., The persistence in the blood of the 


radioactive label of albumin, gamma _ globulins, 
globulins of intermediate mobility studied with S® 
and paper electrophoresis: Methods and prelimi- 
nary results. J. Lab. & Clin. Med., 1954, 43, 918. 


. Volwiler, W., Goldsworthy, P. D., MacMartin, M. P., 


Wood, P. A., Mackay, I. R., and Fremont-Smith, 
K., Biosynthetic determination with radioactive 
sulfur of turn-over rates of various plasma pro- 
teins in normal and cirrhotic man. J. Clin. Invest., 
1955, 34, 1126. 


28. Freinkel, N., Schreiner, G. E., and Athens, J. W., 


Simultaneous distribution of T-1824 and I*"-labelled 
human serum albumin in man. J. Clin. Invest., 
1953, 32, 138. 


. Alpers, J. B., and Rall, J. E., The metabolism of io- 


dine in cerebrospinal fluid. J. Clin. Endocrinol. 
& Metab., 1955, 15, 1482. 


30. Freinkel, N., Dowling, J. T., and Ingbar, S. H., Thy- 


roxine-binding in sera of diverse mammalian spe- 
cies. Manuscript in preparation. 


. Crispell, K. R., and Coleman, J., A study of the rela- 


tive binding capacity of plasma proteins, intact hu- 
man red cells, and human red cell stroma for radio- 
active I™ labelled L-thyroxine. J. Clin. Invest., 
1956, 35, 475. 


. Hamolsky, M. W., The plasma protein-thyroid hor- 


mone complex in thyrotoxicosis vs. euthyroidism 
in man. J. Clin. Invest., 1955, 34, 914. 


33. Robbins, J., and Rall, J. E., Effects of triiodothyronine 


and other thyroxine analogues on thyroxine-bind- 
ing in human serum. J. Clin. Invest., 1955, 34, 
1331. 


. Larson, F. C., and Albright, E. C., The specificity 


of thyroxine binding by serum alpha globulin. 
Endocrinology, 1955, 56, 737. 


. Klotz, I. M., and Walker, F. M., The binding of or- 


ganic ions by proteins. Charge and pH effects. 
J. Am. Chem. Soc., 1947, 69, 1609. 


. Klemperer, H. G., The uncoupling of oxidative phos- 


phorylation in rat-liver mitochondria by thyroxine, 
triiodothyronine and related substances. Biochem. 
J., 1955, 60, 122. 


37. Klemperer, H. G., The uptake of thyroxine and tri- 


iodothyronine by rat-liver mitochondria. Bio- 
chem. J., 1955, 60, 128. 


27 
1¢ 
17 
18 
| 
20 
21 
32 
| 
23 
- 


SUBSTANCES RELEASED FROM THE SKIN FOLLOWING THERMAL 


INJURY. 


I. HISTAMINE AND PROTEINS * 


By SOL ROY ROSENTHAL, CHARLES SAMET, RICHARD J. WINZLER, anpb 
SELWYN SHKOLNIK 


(From the Institution for Tuberculosis Research of the University of Illinois and the Departments 
of Preventive Medicine and Biochemistry, University of Illinois College of Medicine, 
Chicago, [Il.) 


(Submitted for publication February 23, 1956; accepted September 24, 1956) 


The nature of the substances released from the 
skin following burning is not known. The ma- 
jority of the studies concerned with this problem 
have involved analyses of blood or the lymph 
draining the burned part, and have been compli- 
cated by the complex composition of the blood and 
lymph and the complex interrelation between dif- 
ferent tissues. The present studies represent an 
attempt to simplify the problem by employing ex- 
cised skin and collecting the materials diffusing 
into a saline solution following exposure to hot 
water. 


METHODS 


Preparation of diffusates 


Mongrel dogs were anesthetized with Nembutal® (30 
mg. per kilo) and the skin of their backs was clipped 
with an Oster No. 40 hair clipper. By the use of an 
electrically driven dermatome? set at .015 inch, split 
thicknesses of skin 3 3 in. wide and up to 12 in. long were 
obtained. The slices were placed immediately on saline- 
soaked gauze, cut up into 3-cm. squares, and secured with 
the cut surface inward about one end of glass cylinders, 
2.4 cm. in diameter (Figure 1). The cut surface was in 
continuity with the inside of the cylinder. Before the 
burning, the cut surface was washed three times with 5 
to 10 ml. of saline, and after the final washing, 2 ml. of 
saline were allowed to remain inside of the cylinder. 
Burning was done in hot water contained in a tray which 
held a U-shaped metal rack that supported the tubes 
in such a manner that only the skin was submerged in 
water (Figure 2). After burning at various temperatures 
and for various periods of time, the fluid was allowed to 
remain in the cylinder for 5 minutes while submerged in 
water at 37°C. This fluid was then collected, examined 
separately or pooled. Control samples were obtained 


1 These studies were aided by a contract between the 
Office of Naval Research, Department of the Navy, and 
University of Illinois, NR 114-161. 

2 Brown electro-dermatome, Zimer Mfg. Co., Warsaw, 
Indiana. 

3 The cut cf the skin as noted by microscopic section 
was slightly below the rete pegs and included about half 
of the reticulum layer of the cutis. 
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from unburned skin following immersion for 5 minutes 
at 37°C. All experiments were complete within a half 
hour after the skin sections were prepared. Cooling of 
the skin with ice was avoided. The pooled material was 
immediately frozen and was kept in this state or was 
lyophilized for future use. 


RESULTS 


The following are some of the components iden- 
tified in the diffusates : 


Histamine 


The histamine content of the diffusates was de- 
termined essentially by the method of Schultz and 
Dale (1, 2) using guinea pig ileum suspended in 
a 4-ml. bath. All values are expressed as micro- 
grams of histamine per sample following the burn- 
ing of a 4.5 sq. cm. piece of skin. With rare excep- 
tions, a minimum of 3 individual samples was 
averaged for each experimental condition. Cor- 
rections were made for volume changes due to 
evaporation during heating. 

Figure 3 shows the histamine released into the 
diffusate after exposure to various temperatures 
for 30 seconds to 20 minutes. It is seen that there 
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Rack HoLpinGc SKIN PREPARATIONS IN PLACE 


Burning of skin is accomplished by submerging skin in hot water of pan. 


is a direct relationship between the temperature 
and time of burning and the extent of histamine 
release for the first two minutes of burning. De- 
tectable amounts of histamine were released after 
15 seconds of burning at 96°C and 85°C, 45 sec- 
onds at 75°C, and 2 minutes at 55°C. Only trace 
amounts of histamine were released after exposure 
to 47°C for periods of 1 to 10 minutes (in one of 
six experiments, .004 y of histamine was released 
after 1, 3 and 5 minutes of burning). At tem- 
peratures of 85°C and 96°C for 5 minutes and 
more of burning, the values fall below the amounts 
obtained at 65°C or 75°C. 

The non-specificity of the guinea pig ileum for 
histanine raised the possibility that the active sub- 
stance was a compound other than histamine. 
That the substance in question was histamine was 
supported by the fact that the action on the guinea 
pig intestine was prevented by first adding the 
antihistamine, thymoxyethyldiethylamine (4 »gm. 


3077 


2.577 
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per ml.), to the bath. Contraction of the muscle 
strip caused by the diffusate was not inhibited by 
atropine, thus eliminating acetylcholine as the ac- 
tive component. Intravenous injection of the dif- 
fusates in dogs produced a fall in blood pressure 
equivalent to the amount of histamine present in 
the diffusates, this effect was also inhibited by 
thymoxyethyldiethylamine (40 mg. per kilo) sub- 
cutaneously one-half hour before testing. 

The non-dialyzable portion of diffusates, dia- 
lyzed 24 hours against distilled water, failed to 
cause a drop of blood pressure in the dog. 


Proteins 


The amount of protein released in the diffusate 
was measured by the biuret method (Mehl [3]). 
Values are expressed as milligrams per sample 
(4.5 sq. cm. of skin) corrected by the values ob- 
tained from the unburned control skin. Each 
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URET METHOD) 


Each point is the average of at least three separate 
experiments. 


point on the curves (Figure 4) is an average of at 
least three separate experiments. 

Figure 4 shows the relation of temperature and 
duration of burning to the amount of protein re- 
leased. The amount of protein released from the 
dog skin was directly related to the temperature 
and the duration of injury (up to 20 min.). For 
temperatures of 75°C, 85°C and 96°C, the pro- 
tein values approximated each other. After 20 
minutes of burning at these high temperatures, the 
rate of protein release decreases. Under these 
conditions, coagulation was noted in the diffusates 
especially for those exposed to 96°C. At 47°C 
detectable protein was noted in only one of six ex- 
periments. 


Nature of protein released 


The question of the nature of the protein or 
protein split products released into the diffusate of 
control and burned skin was examined by several 
methods. The diffusates were collected from 20 
to 100 similar experiments, the samples pooled, 
dialyzed for 48 hours against distilled water, 
lyophilized, and the residue weighed. 


The results of these determinations are shown 
in column 2 of Table I. The amount of non- 
dialyzable material increases from 0.27 mg. per 
sample (4.5 sq. cm. of skin) in the control to 13.6 
mg. per sample in the skin exposed to 96°C for 15 
minutes. The values obtained by this method are 
appreciably higher than those obtained by the 
biuret method employing single samples (Figure 
4). The reason for this difference is not clear. 

The electrophoretic behavior of the materials 
was examined after dialysis and lyophilization. 
Electrophoresis was carried out at pH 8.6 in 0.1 M 
veronal buffer at 10°C, using the Antweiler mi- 
croelectrophoresis apparatus and photographing 
the Schlieren patterns. 

The control sample showed the presence of 
three major components with mobilities corre- 
sponding to serum albumin, 8 globulin, and a very 
small amount of a protein with the mobility of y 
globulin (slow component). All burned samples 
showed markedly decreased proportions of the 
fast moving components and increased amounts of 
components having the low mobility corresponding 
to that of y globulin. In some cases this slow com- 
ponent appeared as a single electrophoretic com- 
ponent, whereas in other cases it was distinctly 
heterogeneous. Some typical electrophoretic pat- 
terns are shown in Figure 5. Electrophoretic 
results are summarized in column 3 of Table I. 
These data show that the protein liberated into 
the diffusate after exposure to heat is largely of 
a type having a very low electrophoretic mobility, 
and differs from the proteins present in the con- 


trol samples. 


Human Albumin 


75°C 
2 minutes 


Fic. 5. ELectrropHoretic PATTERNS OF DIFFUSATES FROM 
BurNED SKIN AND CONTROLS 


Antweiler microelectrophoretic apparatus at pH 8.6 
in 0.1 M veronal buffer at 10°C. Starting boundary indi- 
cated by arrows. Time, 10 minutes. Movement to the 
right is toward the anode. 
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DERMAL RESPONSES TO THERMAL INJURY 


TABLE I 
The nature of the proteins released from burned dog skin * 


Proteins 


Control Alb-a glob. 


B glob. 
¥ glob. 


Alb-a glob. 
B glob. 
¥ glob. 


Alb-a glob. 
B glob. 
glob. 


Alb-a glob. 
B glob. 
¥ glob. 


Alb-a glob. 
B glob. 
glob. 


Alb-a glob. 
B glob. 
¥ glob. 0 


75° C—2 min. 


96° C—1 min. 


96° C—15 min. 


Gelatin 


Serum albumin 


*Each value is the average of replicate determinations on two separate preparations which were usually in close 


ment. 


Calculated on the basis that albumin contains 0.07 per cent hydroxyproline and gelatin contains 12.0 per cent. 


{ Calculated on the basis that gelatin contains 0.58 per cent carboh 


ydrate. 


§ Referral to a crystalline sample of “‘sialic acid” obtained from Blix at Upsala, Sweden. 


It appeared possible that the slow moving com- 
ponents appearing in the diffusate might be gelatin, 
produced by the thermal degradation of collagen. 
Electrophoretic studies on gelatin (Table I) indi- 
cated that gelatin migrates very slowly in the 
microelectrophoresis apparatus. Further evidence 
that gelatin is the major protein in the diffusates 
from burned skin was obtained by carrying out 
determinations of hydroxyproline in the proteins 
isolated from the diffusates. Since collagen is the 
only tissue protein which contains large amounts 
of hydroxyproline, an estimate of the gelatin con- 
tent of the fractions can be calculated from their 
hydroxyproline content. 

Determinations of hydroxyproline were carried 
out by the method of Neuman and Logan (4). 
Calculation of the gelatin content of the proteins in 
the diffusates was made on the basis that albumin 
contained 0.07 per cent hydroxyproline and that 
gelatin contained 12 per cent. The results of 
these analyses, given in columns 4 and 5 of Table 
I, show that the control samples contained little 
hydroxyproline corresponding to less than 0.6 per 


cent gelatin. The samples heated at 96°C for 1 
minute contained considerable gelatin and the sam- 
ples heated at 96°C for 15 minutes consisted 
largely of this protein. Consequently, it can be 
concluded that a major part of the protein re- 
leased into the diffusate upon exposure to heat is 
due to the thermal decomposition of collagen. 

It is clear, however, that gelatin was not the 
only protein released from the tissue on burning. 
Were this the case, the gelatin content of the 96°C 
—1-minute samples should be 68 per cent, and of 
the 96°C—15-minute samples, 98 per cent, based 
on the increased protein content of the samples 
(column 2 of Table I). Consequently, other pro- 
teins were released as a result of heating, since 
the hydroxyproline content was less than that ex- 
pected if all of the increased protein were gelatin. 

It appeared possible that there might have been 
a depolymerization of mucoproteins and muco- 
polysaccharides of the skin as a result of thermal 
injury, and that some of these components might 
appear in the diffusates. In order to investigate 
this possibility, determination of the carbohydrate 
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content of the proteins isolated from the diffusates 
was carried out using the orcinol method of Sgren- 
sen and Haugaard (5). The results obtained are 
shown in column 6 of Table I. Since gelatin con- 
tains only 0.58 per cent carbohydrate, it is clear 
that a considerable amount of carbohydrate-rich 
protein was liberated into the diffusate as a re- 
sult of heating. By subtracting the carbohydrate 
content of the gelatin, it is possible to calculate in- 
directly the carbohydrate content of the non-gela- 
tin proteins present in each fraction. The results 
of this calculation are shown in column 7 of Table 
I. There is present protein with an average car- 
bohydrate content of 4.3 per cent in the 96°C for 
1-minute, and 5.1 per cent in the 96°C for 15-min- 
ute samples. These values are sufficiently high 
to indicate that carbohydrate-rich proteins are 
liberated as a result of thermal injury. 

Further evidence that glycoproteins are liberated 
was obtained by assaying the proteins isolated from 
the diffusates for “sialic acid,” a compound of un- 
known structure frequently associated with gly- 
coproteins (Winzler [6]). For this purpose the 


p-dimethylamino-benzaldehyde method as de- 


scribed by Werner and Odin was used (7). The 
results of these analyses are shown in column 8 of 
Table I. The “sialic acid” content of the non- 
gelatin proteins is given in column 9 of Table I. 
These data also show that proteins relatively rich 
in “sialic acid” are released into the diffusate fol- 
lowing thermal injury. 


DISCUSSION 


A major advantage of the method described is 
that it permits the direct detection of substances 
released from the skin as a result of burning or 
other stimuli. This method was first described 
in conjunction with the studies done on the mecha- 
nism of pain by Rosenthal and Minard (8). By 
this method it was shown that mechanical, elec- 
trical or thermal stimulation of the epidermis of 
the skin was followed by release of histamine in 
direct relation to the degree of the stimulus (9). 
The present modification uses an electrically driven 
dermatome which makes it possible to obtain a 
uniform split thickness of skin and facilitates the 
obtaining of large skin samples. Since much pres- 
sure is applied in obtaining these skin samples, the 
area is practically bloodless. 

Histamine or a histamine-like substance has 


been found in the blood of shoats, pigs, guinea 
pigs, and humans following burning (10-12). It 
is likely from the present and other studies that 
skin is one source of this histamine. Harris (13), 
for example, found as much as 10 mg. of histamine 
per kilogram of human skin. 

Following burning of the skin, proteins and 
protein split products are released from the skin. 
These materials are undoubtedly absorbed into 
the general circulation in burned animals. For 
example, a slow moving component which mi- 
grates with half the speed of gamma globulin was 
found in the lymph draining the scalded leg of 
calves but not in the serum by Perlmann, Glenn, 
and Kaufman (14). In the light of the present 
experiments it appears likely that this component 
was gelatin. A marked increase in nitrogenous 
material is noted in the blood following burning, 
both in experimental animals by Braasch, Bell, 
and Levenson (15) and in human beings by Tay- 
lor, Levenson, Davidson, and Adams (16). How- 
ever, the nature and the source of this material has 
not yet been determined (Walker [17] and Ro- 
senthal and McCarthy [18]). 

There are two phases during which proteins and 
protein split products are released from the skin 
following scalding. The initial phase extends 
over the burning period while the second phase 
covers the period following the burning. The re- 
sults described in this paper refer to the initial 
phase only. It has been shown by Ungar and 
Damgaard (19), using skin slices of the guinea 
pig, that the release of protein split products dur- 
ing the initial phase is not due to proteolytic ac- 
tion. The process proceeds at a fast rate at tem- 
peratures at which known proteases are destroyed 
and, furthermore, enzymatic inhibitors such as 
CuSO, and HgCl, fail to inhibit the release of 
protein products. 

During the secondary phase of burning proteo- 
lysis is probably enzymatic in nature. It is in- 
hibited partially by anti-proteases such as soy bean 
inhibitor and sodium salicylate (19). 


SUMMARY 


A method was developed for obtaining diffusates 
from excised dog skin after in vitro exposure to 
burning (scalding). It was found that exposure to 
heat caused a liberation of histamine or histamine- 
like substance into the diffusates. The amount of 
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histamine liberated depended upon the time and 
the temperature to which the excised skin was 
exposed to the injury. The greatest amount of 
histamine was released after exposure to 65°C 
and 75°C for 20 minutes. The lowest temperature 
consistently causing histamine release was 55°C 
for 2 minutes. The release of protein was in- 
creased with the time and temperature of burning. 
Determination of the hydroxyproline content and 
the electrophoretic behavior of such preparations 
indicated that the major portion of the proteins 
released, particularly at high temperatures and 
for prolonged periods, resembled gelatin. In ad- 
dition, smaller amounts of other proteins contain- 
ing appreciable amounts of hexose and “sialic acid” 
were released. 
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It has been reported (1) and confirmed (2) that 
I***-Jabeled human serum albumin may be heter- 
ogeneous with respect to its rate of metabolism 
in vivo. However, some preparations appear to be 
homogeneous and show a constant rate of degra- 
dation equal to the slowest rate of degradation 
observed in the heterogeneous preparations (1). 
This suggests that the more rapidly degraded com- 
ponents of the latter represent protein fractions 
damaged during the iodination procedure rather 
than intrinsically different proteins present in the 
original unlabeled material (1). 

The inherent sensitivity of proteins to denatura- 
tion by various chemical and physical agents en- 
countered during manipulations in vitro in general, 
and in labeling procedures in particular, has been 
well appreciated. However, while changes in ca- 
tion and anion-binding capacity, ultraviolet ab- 
sorption, and amino acid composition of serum al- 
bumin following x-irradiation have been reported 
(3), possible effects of self-irradiation of I*** la- 
beled albumin on the rate of metabolism in vivo 
have not been studied. Recent experience with 
radiation-induced alterations of insulin-I*** and 
the protection against such alterations offered by 
the presence of serum albumin (4) led to the 
present investigation of the effects of irradiation on 
albumin-I***, 


METHODS 


Human serum albumin? was labeled with I™ according 
to a method previously described (5). Appropriate 
amounts of carrier I* were added so as to yield an aver- 
age of less than one iodine atom per protein molecule. 
Four different lots of iodinated albumin were employed in 
the present study. After an iodination period of about 
five minutes the solutions were dialyzed at 4°C against 
large volumes of distilled water, with frequent changes, 
for about 7 hours. Three of the lots were then passed 
through Seitz filters into sterile vials. Aliquots of each 


1 Cutter albumin lot No. E 4172. This preparation re- 
vealed an a, protein content of about 2 per cent on free 
electrophoresis. 


lot were diluted with distilled water or fortified with non- 
labeled albumin as necessary to yield final protein con- 
centrations of 200ug. per ml., 5000ug. per ml. or 
50,000 ug. per ml. at a pH of 6.0. Half of the solution 
at each concentration was then irradiated immediately in 
a General Electric x-ray machine, peak energy 1 mev, at 
a dose rate of 1500 rad per min. for 30 minutes; the re- 
maining half of each solution (control) was treated in an 
identical fashion except for the irradiation. Immediately 
after irradiation, sufficient non-labeled albumin was added 
to all control and irradiated solutions to bring protein 
concentrations up to 50 mg. per ml. in order to minimize 
the effects of further irradiation from the self-contained 
I™.2 In the case of the fourth lot, the experimental solu- 
tion was irradiated by I™ added as iodide in a concentra- 
tion of 2 mc. per ml. to a solution of albumin-I™ con- 
taining 200 ug. per ml. albumin.’ After almost 5 days 
both the experimental and control portions were again 
dialyzed against water until the non-precipitable radioac- 
tivity was less than 1 per cent. Non-radioactive albumin 
was then added to both solutions in sufficient amounts 
to yield final protein concentrations of 50 mg. per ml. 
Solutions were refrigerated for at least three days, 
while samples were checked for sterility by culture, and 
were then administered intravenously to hospitalized pa- 
tients without proteinuria or known abnormalities of 
protein metabolism. Serum albumin concentrations were 
normal in all subjects. Blood samples were taken at 
frequent intervals and complete 24-hour urinary collec- 
tions were made except during the first day when two 
collections were made. Assays of radioactivity were 
performed in a 5-ml. capacity well-type scintillation 
counter with a sensitivity of 1.00 X 10° counts per minute 
per yc. I™ above a background of 200 counts per minute. 
In addition to the albumin-I™ prepared for studies in 
vivo, solutions of albumin-I™ were prepared at concen- 


2The maximum irradiation received by any of these 
solutions from the I™ present was calculated to be about 
500 rad prior to final addition of non-labeled albumin and 
less than 2000 rad total before administration. Since the 
iodoalbumin was prepared and maintained in solutions of 5 
to 10 ml. the small amount of f-particle energy dissipated 
outside the solution was more than compensated for by 


the y-ray energy absorbed in the solution. Therefore, 
the factor of 120 gm. rad per ye. I™ destroyed was em- 
ployed in the calculations (6). 

8 The calculated radiation doses received by the ex- 
perimental and control solutions of this lot were about 
84,000 rad and 4000 rad, respectively. 
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trations of 20 ug. per ml. and were subjected to x-irradia- 
tion at dosage levels of 45 to 135 kilorad for electropho- 
retic analysis. 

The reduction of ferricyanide ion in the presence and 
absence of p-chloromercuribenzoate was employed as a 
test for reactive sulfhydryl groups. Irradiated or control 
albumin solutions at initial concentrations of 200 ug. per 
ml. were concentrated five fold by freeze-drying prior to 
the ferricyanide tests. The test solutions were then in- 
cubated for one hour with and without p-chloromercuri- 
benzoate (0.16 X 10% molar). Following the addition of 
potassium ferricyanide (0.7 X 10° molar) the solutions 
were incubated for another 15 minutes. Ferric sulfate 
(4.0 x 10° molar) in Duponal was then added. In the 
absence of p-chloromercuribenzoate the presence of freely 
reactive SH groups is evidenced by the appearance of a 
blue color (Prussian blue) within five minutes which 
reaches its maximum in about 15 minutes (early reac- 
tion). In the presence of p-chloromercuribenzoate, the 
color first begins to appear in about two hours (delayed 
reaction). 

Aliquots of control and irradiated solutions were added 
to human plasma and subjected to electrophoresis and 
hydrodynamic flow on paper strips according to methods 
described previously (7). 


RESULTS 


Chemical effects of irradiation 


Ten per cent cold trichloracetic acid precipitated 
96 per cent to 98 per cent of radioactivity in the 
control solutions and 94 to 98 per cent in the x-ir- 


radiated solutions. The more accurate technique 
of short run paper electrophoresis showed 3 per 
cent of the total radioactivity present as iodide in 
the irradiated solutions and less than 1 per cent in 
the control solutions (Figure 1). Sufficient car- 
rier iodide*** was added prior to electrophoresis to 
saturate the anion binding capacity of the albumin. 

Aside from the appearance of small amounts of 
iodide™', detectable abnormalities were not noted 
on electrophoresis of the x-irradiated solutions em- 
ployed in the biologic studies. However, in the 
lot of albumin irradiated with I*** a small fraction 
of the radioactivity appeared to migrate with all 
the globulins. A similar phenomenon has been 
observed previously with irradiation damaged in- 
sulin-I*** (4, 7). The absence of these migrating 
components in the x-irradiated albumin-I*** solu- 
tions does not, however, indicate any qualitative 
difference in the effects of the two types of radia- 
tion employed, since the total radiation dose ad- 
ministered was almost twice as great in the lot ir- 
radiated with I***. When albumin-I*** in concen- 


trations of 20ug. per ml. was irradiated with 
x-rays at dose levels of 45 to 135 kilorad, changes 
similar to those observed in the I*** irradiated solu- 
tions became readily appareni on electrophoretic 
analysis (Figure 2 a—-d). At the highest radiation 
dose level virtually all the albumin-I*** was al- 
tered and there appeared radioactive products 
which migrated indiscriminately with all the serum 
proteins. A considerably larger amount of io- 
dide*** was also present in these solutions as was 
evident in short run paper electrophoresis (Fig- 
ure 2e). An apparent slightly greater mobility 
of the albumin-I**! than the stained serum albumin 
(Figure 2 a-d) is an artifact introduced by the 
resolving time of the recording system. The peaks 
of radioactivity and albumin stain were found to 
correspond exactly when the strips were sectioned 
and assayed in a scintillation counter. 
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phate buffer, ionic strength 0.1; constant voltage 250 V, 
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Albumin-I™ solutions were subjected to irradiation doses as indicated at albumin concentrations of 20 ug. per ml. 


Full scale reading 30,000 counts per minute on all strips. 


The nature of the chemical changes accompany- 
ing these effects are not completely known. How- 
ever, one important alteration, the splitting of the 
disulfide linkages of albumin with reduction to 
sulfhydryl groups, has been demonstrated by the 
reduction of ferricyanide in the absence but not in 
the presence of p-chloromercuribenzoate (Table 
I). These observations have been confirmed re- 
peatedly with non-labeled albumin as well. This 
radiochemical change has also been demonstrated 
following the irradiation of insulin and is con- 
sidered in greater detail elsewhere (8). 


TABLE I 


Prussian Blue reaction 


Without 
p-chloro- 
mercuri- 
benzoate 


p-chloro- 
mercuri- 
benzoate 


Irradiated water 0 0 
Control albumin-I?*! 
Early 


0 
Irradiated albumin-I*! Delayed 


Biologic effects of irradiation 


Following administration of solutions which 
received approximately 45,000 rad from x-rays at 
a concentration of 200 pg. albumin per ml., a large 
fraction of the labeled protein was degraded rap- 
idly during the first few days, as evidenced by the 
excretion of large amounts of non-protein bound 
radioactivity in the urine (Figure 3) and the rapid 
disappearance of protein bound radioactivity from 
the plasma (Figure 4) in contrast to the control 
non-irradiated material. The rate of removal 
from the plasma of the moiety remaining after 
the first week or so was also greater with ir- 
radiated than with control solutions although there 
was a tendency for some of the individual curves 
in the former group to flatten out, indicating the 
presence of protein fractions less severely affected 
by the irradiation. 

When solutions containing 5000 vg. protein per 
ml. received 45,000 rad, alteration of the protein, 
as manifested by rapid degradation, was definitely 
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TIME IN DAYS 
Fic, 3. CuMuLATIVE Urrnary ExcreTION FoLLOwING INTRAVENOUS ADMINISTRATION OF CONTROL AND 
X-IrrapiaTtep Atsumin-I™ So_utions to NormaL HumAN SusjEcts 
In the third frame, the curves from the three subjects receiving control albumin-I™ solutions and the one 
subject who had received the albumin-I™ irradiated at a concentration of 50 mg. per ml. were virtually 
indistinguishable. 
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much less striking than in the case of the more 
dilute solutions, but there still appeared to be a 
definite effect (Figure 3). In the single study 
employing a concentration of 50,000 »g. albumin 
per ml., 45,000 rad seemed to have had no detect- 
able effect on the rate of metabolism since there 
was no definite difference in the excretion curve as 
compared to that of the three control curves with 
this lot of iodoalbumin (Figure 3). The albu- 
min-I*** which received 84,000 rad from I** 
showed the most rapid breakdown of the four 
lots studied (Figure 5). Some 60 per cent of the 
injected radioactivity appeared in the urine as 
protein-free I*** at the end of 48 hours compared 
to 9.6 per cent for the control. 


DISCUSSION 


The experiment in which the irradiation was de- 
livered by a high concentration of I** indicates 
that alterations occur when the protein solutions 
are irradiated at a slow rate as well as at the 
higher dose rates obtained from the x-ray ma- 
chine. The x-ray doses employed here (45,000 
rad) are approximately equivalent to the radiation 
absorbed in one week by solutions initially con- 


taining 0.8 mc. I'** per ml. I*** labeled proteins 
having about this concentration of radioactivity are 
distributed commercially and are frequently pre- 
pared by investigators in their own laboratories. 
When protein concentrations are high, irradiation 
effects may not be detectable at these dose levels. 
However, at low protein concentrations, even con- 
siderably smaller irradiation doses may be suffi- 
cient to produce alterations of proteins which sig- 
nificantly affect their biologic behavior. The ab- 
sence of electrophoretic abnormalities, apart from 
the liberation of a small amount of iodide, in prepa- 
rations which reveal strikingly altered biologic be- 
havior, indicates the relative insensitivity of elec- 
trophoretic analysis in the detection of alterations 
of serum albumin. Gabrieli, Goulian, Kinersley, 
and Collet (9) have previously examined commer- 
cial preparations of albumin-I*** by paper electro- 
phoresis and observed considerable trailing of 
radioactivity behind the albumin in serum and also 
a lack of correspondence of peaks of radioactivity 
and of albumin-bound dye. Although the latter 
effect was not observed in the preparations em- 
ployed here, the trailing observed by these authors 
may well have been a manifestation of irradiation 
damage. 
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Irradiation effects in dilute protein solutions are 
primarily secondary in nature at the dose levels 
employed here. Free radicals produced as a re- 
sult of the irradiation of the water are responsible 
for the protein alterations rather than direct ioni- 
zation of the protein molecules. Thus, an increase 
in the concentration of the protein itself results 
in a decrease in the fraction of protein altered at 
the same irradiation dose level. In the case of 
some proteins, such as serum aibumin, high pro- 
tein concentrations may be utilized for their pro- 
tective effect, since even 25 to 50 mg. may still 
properly be regarded as a true tracer dose for 
metabolic studies in man. However in the case of 
certain other proteins such as hormones, antigens, 
etc., it is often necessary to employ solutions of 
very high specific activity in order to permit ad- 
ministration of a sufficient amount of radioactivity 
for subsequent assay in body fluids or tissue, while 
at the same time restricting the amount of protein 
to physiologic, if not tracer, levels. Because of 


the high concentration of radioactivity and low 
concentration of protein in these cases special 
measures must be taken to protect against the ir- 


radiation induced damage. In such instances it 
has been recent practice in this laboratory to re- 
move rapidly, by dialysis, unbound I*** from the 
iodoprotein solutions and to follow immediately 
with the addition of sufficient amounts of serum 
albumin to yield final protein concentrations of 50 
to 100 mg. per ml. Almost complete dialysis can 
be effected in a few hours if small volumes of solu- 
tion (5 to 10 ml.) are dialyzed against frequent 
changes of large volumes (2 liters) of water, 
saline or other solutions. The added albumin 
serves as an unlabeled protective agent which 
minimizes any subsequent irradiation damage and 
does not interfere with the biologic action of the 
labeled proteins (4). 

There is no intent to imply, by the studies pre- 
sented here, that alteration of I*** labeled proteins 
induced by self-irradiation necessarily represents 
the major hazard to proteins during iodination 
procedures. Alterations in biologic behavior may 
be induced by overiodination (1), by chemical 
changes or by other factors even when irradiation 
effects are minimized by the use of low specific 
activity preparations. Variability in the rate of 
metabolism of albumin-I*** with preparations pro- 
duced by different iodinating procedures has been 


reported previously (1) and confirmed recently 
(10) ; certain methods of iodination (1, 10) ap- 
pear to be less noxious to the proteins than others. 
However, the use of labeled proteins of high spe- 
cific activity requires special attention to radiation 
induced alterations. 


SUMMARY 


1. Human serum albumin labeled with I*** was 
irradiated at protein concentrations of 20 wg. per 
ml. to 50 mg. per ml. with x-rays at dosage levels 
of 45 to 135 kilorad and with iodide*** at a dosage 
level of 84 kilorad. 

2. Biologic alteration induced by irradiation was 
evidenced by susceptibility to rapid metabolic deg- 
radation in vivo. This alteration was detectable 
when irradiation was performed with protein con- 
centrations of 5 mg. per ml. or less and with dos- 
ages corresponding to those received in one week 
by solutions initially containing 0.8 mc. I*** per 
ml. or greater. 

3. Following irradiation, the appearance of re- 
active sulfhydryl groups was demonstrated by re- 
duction of ferricyanide in the absence but not in 
the presence of p-chloromercuribenzoate. 

4. Anomalous migration of I*** labeled frag- 
ments on paper electrophoresis and liberation of 
I'*1 as iodide were also observed following irradia- 
tion. 

5. The extent of alteration induced was a di- 
rect function of the radiation dose and was in- 
versely related to the protein concentration during 
irradiation. 

6. The potential radiation damage to I*** labeled 
proteins of high specific activity is discussed and 
a method for protection against radiation damage 
is suggested. 
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Considerable interest has been focused upon the 
glycoproteins present in serum. The hexoses and 
hexosamines associated with serum proteins have 
been found to be elevated non-specifically in a va- 
riety of pathologic processes (1-9). The seromu- 
coid, a protein fraction particularly rich in carbo- 
hydrate, studied extensively by Winzler (2), also 
is increased in similar disease states (2, 10-15). 
The amount of carbohydrate in the alpha globulin 
fraction has been found to be elevated in tubercu- 
losis (16), gout (4), rheumatoid arthritis and 
rheumatic fever (17), whereas the carbohydrate in 
the gamma globulin fraction has been reported to 
be increased in lupus erythematosus (5, 17). 

The present study was undertaken to charac- 
terize further the alterations which occur in one 
of the carbohydrate components, hexosamine, in 
electrophoretically separated serum protein frac- 
tions and in seromucoid in a variety of disease 
processes, with particular emphasis on the rheu- 
matic diseases, and following the administration 
of anti-inflammatory hormones. 


METHODS 


Blood samples were obtained in the fasting state from 
healthy blood donors and patients with a variety of rheu- 
matic diseases, pneumonia, cirrhosis and hepatitis. The 
serum was separated within a short time after clotting, 
and kept frozen until used. 

Hexosamine determinations were done by the method 
of Boas (18), which involves isolation on Dowex-50 col- 
umns after preliminary hydrolysis, followed by determina- 
tion of the hexosamine by a modification of the Elson- 
Morgan method. Electrophoresis was done in veronal 
buffer pH 8.6, ionic strength .05, on Whatman No. 3 pa- 
per suspended horizontally in a vapor chamber. Runs 
were performed at approxitnately 15 m A and 200 V, for 
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15 hours. The protein content of each fraction was de- 
termined by heat fixation, staining with bromphenol blue, 
cutting into components and eluting the dye in .01 N 
NaOH. The percentage of the total dye in each compo- 
nent was multiplied by the total protein, determined by the 
biuret method using Armour’s bovine albumin as stand- 
ard. No correction was made for differences in dye bind- 
ing by the different protein fractions. Determination 
of the hexosamine content of the electrophoretically sepa- 
rated protein fractions was done following separation 
of 0.1-ml. samples of serum. After fixing and staining, 
the paper was cut into appropriate strips and each com- 
ponent was hydrolyzed and determined individually. 
This is similar to the method used by Boas, Bollet, and 
Bunim (4). Appropriate control studies showed that no 
detectable loss of hexosamine occurred during any of 
these steps, and added standard solutions of hexosamine 
were quantitatively recovered. Duplicate electrophoretic 
runs and determinations of each component were done 
for both protein and hexosamine. The reproducibility for 
both protein and hexosamine content of each fraction on 
replicate electrophoretic separations was found to about 
+ 5 per cent. 

The perchloric acid-soluble, phosphotungstic acid-pre- 
cipitable fraction (seromucoid) was isolated by a modi- 
fication of the method of Greenspan, Lehman, Graff, and 
Schoenbach (15). The phosphotungstic acid precipitate 
obtained from the perchloric acid filtrate was divided into 
two fractions. One was analyzed for protein content by 
the biuret method using a casein standard, and the other 
analyzed for hexosamine after hydrolysis in 1 N HCI for 
15 hours. 


RESULTS 
Total serum hexosamine 


Normal individuals were found to have serum 
hexosamine levels averaging 79.0 mg. per cent. 
Elevations of the total serum hexosamine were 
found in the diseases listed (Table I). 

The ratio of total serum hexosamine to total se- 
rum protein (X 100) was found to average 1.02 
in the normal individuals. In all of the diseases 
studied, the ratio of total hexosamine to total pro- 
tein increased, the maximum being an average of 
2.06 in the patients with rheumatic fever (Table 
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I). This change occurred regardless of the di- 
rection of change of the total protein. 


Hexosamine content of electrophoretically sepa- 
rated globulins 


In order to define more precisely the observed 
changes in total serum hexosamine, analyses were 
made of each of the globulin fractions obtained af- 
ter electrophoretic separation of the serum speci- 
mens on filter paper. In this part of the study, 
analyses were done on pools of sera, each con- 
taining equal amounts of sera from three patients 
with the same disease. Since each determination 
represents the average of duplicate electrophoretic 
runs on each pool, it is felt that the mean levels 
found have validity, but no attempt has been made 
to establish the range of variation for each globu- 
lin fraction in each disease. The amount of 
hexosamine in the electrophoretically separated 
serum albumin was found to be too small for ac- 
curate determination in the situations studied, and 
the details are therefore not included in this 


report. 
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In three pools of normal sera, the mean hexosa- 
mine content of the alpha-1 globulin averaged 17.5 
mg. per cent, of the alpha-2 globulin, 25.0 mg. per 
cent, of the beta globulin, 17.4 mg. per cent, and of 
the gamma globulin, 24.7 mg. per cent. The 
amount of protein in each of these fractions was 
also determined. The ratio of hexosamine to pro- 
tein (X 100) in the alpha-1 globulin averaged 4.3. 
In the alpha-2 globulin, the hexosamine to pro- 
tein ratio averaged 4.1, in the beta globulin 2.9, 
and in the gamma globulin 1.8 (Table II). 

In four pools of sera from patients with active 
rheumatoid arthritis, the amount of hexosamine 
in each globulin fraction was found to be increased, 
although the increment in the beta fraction was 
minimal. Comparison of the hexosamine leveis 
to the protein content of each fraction showed that 
the hexosamine to protein ratio in alpha-1 globu- 
lin was considerably greater than in the normal 
pools, reaching 7.4, whereas in the other frac- 
tions changes in the hexosamine to protein ratios 
were of questionable significance. 

Two pools of sera from patients with rheumatic 


TABLE I 


Total serum hexosamine concentration, total serum 


otein concentration, and ratio of 


hexosamine to protein in health and disease 


Total Total 
No. of hexosamine protein Hexosamine , 199 
Diagnosis cases mg. To gm. % Protein 
Normal 25 Range 65.8-107 6.34-8.45 0.95—1.08 
Mean 79.0 7.34* 1.02* 
S.E.M +1.84 +0.55 +0.14 
Rheumatoid Arthritis 14 Range 81.6-147 5.09-9.20 1.21-2.26 
Mean 117 7.28 1.63 
S.E.M +3.93 +.28 +.077 
(p= >.001) (p= >.001) 
Rheumatic Fever 8 Range 97--193 5.28-9.41 1.48-2.99 
Mean 153 7.59 2.06 
S.E.M +10.8 +.49 +.184 
(p= >.001) (p= >.001) 
Systemic Lupus 4 Range 114-150 6.20-8.64 1.40-2.14 
Erythematosus Mean 126 747 1.71 
Gout 3 Range 88.5-130 6.07-6.92 1.28-2.14 
Mean 104 6.52 1.62 
Pneumonia 7 Range 105-179 6.28-7.84 1.43-2.42 
ean 127 7.22 1.76 
S.E.M +9.79 +.21 +.124 
(p= >.001) (p =.001) 
Cirrhosis of Liver 4 Range 105--136 5.98-8.08 1.61-2.15 
Mean 125 6.69 1.89 
Hepatitis 3 Range 86.9--111 7.88-8.30 1.05-141 
Mean 102 8.09 1.26 


* Based on 11 cases. 
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TABLE II 


Hexosamine and protein content of electrophoretically separated serum protein fractions. 


Each pool contained equal amounts of serum from three patients 


Hexosamine (mg. %) 


Hexosamine 


Protein 


Protein (gm. %) 


Diagnosis alpha-1 alpha-2 beta gamma 


alb. alpha-1 alpha-2 beta gamma 


alpha-1. alpha-2 beta gamma 


Normal I 4.15 0.41 0.52 0.61 1.46 4.3 40 25 1.6 
Normal II 16.5 23.6 168 25.4 4.10 0.40 0.67 0.64 ; 44 4.1 35.326 i8 
Normal III 18.3 30.7 20.5 26.0 4.19 040 0.66 0.58 40 4.4 4724135. is 
(Mean) (17.5) (25.0) (17.4) (24.7) (4.15) (0.40) (0.62) (0.61) d 43) (4.3) (4.1) (2.9) (1.8) 
Rheumatoid Arthritis I 32.4 49.8 20.5 28.8 3.15 042 1.02 0.57 1.85 7.7 49 36 1.6 
RheumatoidArthritisII 32.8 51.4 24.7 33.1 2.99 0.44 0.99 0.65 1.98 7.5 $2 .38- 4.7 
Rheumatoid Arthritis III 28.3 23.8 25 047 0.83 0.67 1.49 "23 
Rheumatoid Arthritis IV 20.6 18.1 2.45 0.36 0.50 0.58 2.03 8.5 5.9 31 2.0 
(Mean) (28.5) rit r (21. 8) 63. 4) (2.96) (0.42) (0.84) (0.62) Py 84) (7.4) (5.1) (3.5) (1.9) 
Rheumatic Fever I 36.2 48.1 24.1 34.0 3.32 0.54 1.08 0.83 2.18 6.7 45 2.9 1.6 
Rheumatic Fever II 30.5 39.6 21.7 30.3 3.22 0.43 0.88 0.82 1.84 7.1 45, 26 16 
(Mean) (33.4) (43.9) (22.9) (32.2) (3.27) (0.49) (0.98) (0.83) (2.01) (6.9) (4.5) (2.8) (1.6) 
Systemic L. E. I 24.0 37.7 24.9 49.9 2.97 0.42 0.73 0.75 2.85 5.7 12° 33 18 
Systemic L. E. II 36.8 40.0 15.4 26.2 1.68 0.56 0.79 0.53 1.61 6.6 a ae 
(Mean) (30.4) (38.9) (20.2) (38.1) (2.38) (0.49) (0.76) (0.64) (2.23) (6.2) (5.2) (3.1) (1.7) 
Pneumonia I 27.9. 44.8 204 35.0 3.34 044 1.04 0.68 2.08 6.3 
Pneumonia II 44.3 45.7 25.4 38.0 2.06 0.40 0.62 0.59 2.63 11.0 74 42 14 
Mean) (36.1) (45.3) (22.9) (36.5) (2.70) (0.42) (0.83) (0.64) (2.36) (8.7) (5.9) (3.6) (1.6) 
Cirrhosis I 21.4 29.7 184 46.9 2.35 0.53 0.81 71 2.61 4.0 . Ag 
Cirrhosis II 16.8 24.0 16.6 56.0 2.20 (34 0.62 0.55 2.58 4.9 $5,130 23 
(Mean) (19.1) (26.9) (17.5) (51.5) (2.28) (0.44) (0.72) (0.63) (2. 60) (4.5) (3.8) (2.8) (2.0) 


fever showed significant elevations in the hexosa- 
mine content of the alpha-1, alpha-2 and gamma 
fractions, with slight increase in the beta globulin 
hexosamine. The hexosamine to protein ratios 
again showed a considerable increase in the alpha-1 
globulin, but little change in the other fractions. 
Similar findings were noted in two pools of sera 
from patients with active systemic lupus erythema- 
tosus. The total gamma globulin was consider- 
ably increased in one of these pools, and a cor- 
respondingly increased gamma _ globulin-hexosa- 
mine was found, with no change in the hexosamine 
to protein ratio. 

Pools of sera from patients with acute bacterial 
pneumonia showed changes very similar to those 
found in rheumatoid arthritis and rheumatic fever. 
In one of these pools there were marked increases 
in hexosamine content of the alpha-2 and beta 
globulins, without corresponding increases in pro- 
tein in those fractions. This was the only pool 
which showed apparently significant increases in 
the ratio of hexosamine to protein in those 
fractions. 

Sera from patients with decompensated Laén- 


nec’s cirrhosis were also studied, in view of the 
suggested relation between liver function and se- 
rum glycoprotein components (8, 14). The only 
significant deviation from the normal findings in 
these sera consisted of an elevation of gamma glob- 
ulin with a corresponding elevation of gamma 
globulin-hexosamine, with no change in the ratio 
of hexosamine to protein (Table II). 


Effect of anti-inflammatory hormones on hexosa- 
mine content of alpha globulins 


A group of patients with rheumatic fever, gout 
and rheumatoid arthritis were studied before and 
during therapy with various anti-inflammatory 
hormones (Table III). The hexosamine content 
of the alpha-1 globulin fell during treatment in 
all instances. The protein content of the alpha-1 
globulin fell when it was considerably elevated 
before treatment, but rose during therapy in one 
patient with rheumatic fever, and in the pool of 
three cases of rheumatoid arthritis. The ratio of 
hexosamine to protein in the alpha-1 globulin fell 
in all. 

The hexosamine content of the alpha-2 globu- 
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lin fell with therapy in the patients with rheumatic 
fever, but did not change significantly in the other 
instances. A diminution in the protein content of 
the alpha-2 globulin also occurred in the patients 
with rheumatic fever; the ratio of hexosamine to 
protein in the alpha-2 globulin did not change 
significantly in any instance. 


The perchloric acid soluble fraction (seromvcoid ) 


Studies of this fraction were done on sera from 
individual patients and also on the pools of sera 
used for the electrophoretic separations. 

Twenty-five normal sera showed a mean hex- 
osamine content of the seromucoid of 5.69 mg. per 
cent; the biuret reaction revealed a protein con- 
tent averaging 79.5 mg. per cent. The ratio of 
hexosamine to protein (X 100) in this fraction 
averaged 7.3 with these methods. Of the total 
hexosamine found in these sera, 5.8 per cent was 
found in the seromucoid. 

Sera from patients with rheumatoid arthritis 
showed elevations in the protein content of the 
seromucoid averaging 121 mg. per cent; the hex- 
osamine in this fraction was also elevated, averag- 
ing 11.6 mg. per cent. The ratio of hexosamine 
to protein in this fraction averaged 11.5. This ra- 
tio of hexosamine to protein varied from the nor- 
mal range up to 16.9, and clinically there seemed 
to be a rough correlation between this ratio and 
the severity of the joint inflammation. Of the 
total hexosamine content of these sera, 9.7 per 
cent was found in this fraction (Table IV). 


In active rheumatic fever, systemic lupus erythe- 
matosus and acute gouty arthritis similar changes 
were found, with increases in the ratio of hexosa- 
mine to protein (Table IV). As the disease 
process subsided, the protein and hexosamine con- 
tent of the seromucoid fraction both fell toward 
the values found in normal subjects. The ratio 
of hexosamine to protein also decreased. The 
greatest increases in the amount of each constitu- 
ent of the seromucoid were observed in some cases 
of acute rheumatic fever. 

Eight patients with bacterial pneumonia also 
were studied, and similar increases in hexosamine 
and protein were found, with a rise in the hexos- 
amine to protein ratio. 

Eight patients with decompensated Laénnec’s 
cirrhosis and three with acute viral hepatitis also 
were studied. The protein content of the seromu- 
coid was found to be lower than normal, but in 
some instances there was considerable overlap 
into the normal range (Table IV). The hexos- 
amine content of this fraction was not significantly 
reduced, resulting in a rise in the hexosamine to 
protein ratio. 


Effect of anti-inflammatory hormones on the sero- 
mucoid fraction 


Sixteen patients were studied before and after 
therapy with corticotropin (ACTH), cortisone or 
related steroids. The findings in the seromucoid 
fraction given in Table V are the mean values for 
the patients in each group before and after therapy. 


TABLE III 
Effect of therapy with anti-inflammatory hormones on hexosamine and protein content of alpha globulins 


Hexosamine Protein Hexosamine 
mg. % gm. % Protein 
Disease Status alpha-1 alpha-2 alpha-1 alpha-2 alpha-1 alpha-2 
Rheumatic Fever Before Rx 35.3 56.5 0.41 1.19 8.6 4.8 
Hydrocortisone Rx 28.5 38.3 0.47 0.75 6.1 5.4 
Rheumatic Fever Before Rx 68.9 86.8 0.82 1.49 8.4 5.8 
Hydrocortisone Rx 27.1 44.9 0.43 0.80 6.3 5.6 
(2 weeks) 
Hydrocortisone Rx 20.7 33.0 0.41 0.61 5.1 5.4 
(5 weeks) 
Gout Before Rx 35.5 51.8 0.56 1.20 6.3 4.3 
ACTH Rx 25.0 50.0 0.54 1.16 4.6 4.3 
Rheumatoid Arthritis Before Rx 28.3 35.0 0.47 0.83 6.0 4.2 
(Pool) Prednisone Rx 25.3 36.5 0.51 0.95 4.9 3.8 
Mean change with Rx —-17.1 —17.9 —0.08  —0.31 —2.7 —0.1 
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TABLE IV 


Hexosamine and protein content of ser 


oid fraction in normal and pathological sera 


No. of Hexosamine 
Diagnosis obs. mg. % 


Hexosamine 
Protein 


Seromucoid hexosamine 
Total hexosamine 


Protein 
mg. Yo 


X 100 X 100 


Normal 25 3.76-8.45 


Rheumatoid 
Arthritis 


Rheumatic 
Fever 


Pneumonia 8.22-19.6 
9.14 
+1.68 

(p=.05) 


6.24-12.5 
11.0 


7.26-17.1 
10.6 


2.31-12.6 
5.57 
+1.27 
(p=.4) 


4.02-6.02 
4.90 


Systemic Lupus 
Erythematosus 


Gout 


Cirrhosis 


Hepatitis 


5.39-7.96 
6.97 
+.91 


6.00-17.3 
9.7 


47.5-107 
79.5 


5.55-9.02 
7.20 
+.26 

8.13-16.9 
5 


65.3-167 
95.8 


50.4-128 10.2-14.4 
83.6 12.7 


33.8-89.3 
59.7 
+8.18 
(p=.02) 


43.1-69.0 
53.2 


7.5-16.4 
9.8 


+1.2 
(p=.05) 


8.5-10.9 
9.4 


In five patients with rheumatoid arthritis, the 
total serum hexosamine and the hexosamine in the 
seromucoid fraction both decreased with hormone 
therapy. At the same time an increase occurred 


TABLE V 


Effect of therapy with anti-inflammatory hormones on 
hexosamine and protein in seromucoid fraction. 
(Figures given are mean values) 


Hexosamine 
Protein Protein 
mg. x1 


Hexosamine 
mg. To 


Rheumatoid Arthritis 
(5 cases) 


Before therapy 
On therapy 


Rheumatic Fever 
(7 cases) 


Before therapy 
On therapy 


Non-rheumatic diseases 
(4 cases) 


Before therapy 
On therapy 


in the biuret reacting protein in the seromucoid. 
In seven patients with acute rheumatic fever, simi- 
lar decreases in total serum hexosamine and sero- 
mucoid hexosamine occurred, but in these patients 
the protein content of the seromucoid, which was 
markedly elevated before therapy, fell with treat- 
ment. The fall in protein was proportionately less 
than the fall in hexosamine, however, and the hex- 
osamine to protein ratio in this fraction fell toward 
normal. Ina group of four patients with unrelated 
disease (acute gouty arthritis, acquired hemolytic 
anemia, systemic lupus erythematosus, and idio- 
pathic myocarditis) the changes were similar to 
those found in the rheumatoid arthritis patients. 
In all instances, the ratio of hexosamine to protein 
in the seromucoid fraction was decreased after 
therapy. 


DISCUSSION 


The range for normal total serum hexosamine 
found in this study is very similar to that reported 
by West and Clarke (1). The non-specific in- 
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Mean 5.69 | 
S.E.M. +£0.26 +3.3 
16 Range 5.54-19.9 44.3-264 
S.E.M. +1.6 +15.2 +.76 +.80 
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crease found in a variety of diseases also duplicates 
the reports of others (1-4, 6). Our data indicate 
that the rise in total serum hexosamine in various 
diseases is accompanied by an increase in the ratio 
of hexosamine to total serum protein. An in- 
crease in the ratio of total protein-bound hexose 
to total serum protein has been described in a va- 
riety of diseases (7, 19), and an increase in the 
ratio of total hexosamine to total serum protein 
has been reported in rheumatic fever (6). 

The largest increases in carbohydrate content 
of the serum proteins in most disease states have 
been found in the alpha globulins (4, 16,17). Our 
data confirm these observations. In addition, it 
was found that an increase in the ratio of hexos- 
amine to protein occurred in the alpha-1 globulin, 
in non-specific fashion. The ratio of hexosamine 
to protein in the other fractions, as determined by 
these methods, did not change significantly despite 
rather large increases in the amount of alpha-2 
globulin in most of the diseases studied, and in the 
gamma globulins in some clinical states. 

With suppression of the inflammatory process 
by means of hormone therapy, the amount of 
hexosamine in the alpha-1 globulin decreased, and 
the ratio of hexosamine to protein also fell. 
Changes in the amount of hexosamine in the 
alpha-2 globulin during therapy were accompanied 
by changes of similar magnitude in the protein 
content of that fraction, so that no significant al- 
teration in the ratio of hexosamine to protein oc- 
curred. The change in the ratio of hexosamine to 
protein in the alpha-1 globulin in the diseases stud- 
ied could be due to an increase of one of the com- 
ponents which migrates with the alpha-1 fraction 
which is considerably richer in hexosamine than 
the bulk of the protein in that fraction. 

The electrophoretic method used in this study 
achieved good separation of the albumin and 
alpha-1 globulins, and the serum albumin was found 
to contain very small amounts of hexosamine. This 
has been noted in purified specimens for both hex- 
ose and hexosamine (5, 20). In the diseases stud- 
ied, increases in the ratio of total serum hexosamine 
to total serum protein were noted (Table I), but 
electrophoretic studies showed significant increases 
in the ratio of hexosamine to protein in only one 
fraction. The observed changes in the alpha-1 
globulin could not account for the increase in 
ratio of total serum hexosamine to total protein. 


The data for the electrophoretically separated se- 
rum pools revealed a fall in albumin in each case 
(Table II), which was quantitatively great enough 
to account for the bulk of the increase in ratio of 
total hexosamine to total protein, since the albumin 
contained so little of the total hexosamine. 

Studies of the seromucoid have revealed similar 
changes in protein content in various diseases, but 
no change in the ratio of hexose to tyrosine in this 
fraction was found in several diseases (11, 12), 
although an increase in hexose/tyrosine was re- 
ported in rheumatoid arthritis, gout (7), and ex- 
perimental scurvy (21). Our findings revealed a 
non-specific increase in the ratio of hexosamine to 
protein in the seromucoid fraction in disease. 
Much of the protein in the seromucoid migrates, at 
pH 8.6, as an alpha-1 globulin (2,22). It is there- 
fore of interest that the alpha-1 globulin alone 
among the electrophoretic serum protein fractions 
studied revealed an increase in the hexosamine to 
protein ratio with disease. When comparisons 
were made on individual sera or pools of sera it 
was apparent that the entire change in hexosamine 
content of the alpha-1 globulin could not be ac- 
counted for by the change in seromucoid hexos- 
amine. It was not possible, with these methods, to 
determine if the entire change in hexosamine to 
protein ratio in the alpha-1 globulin could be ac- 
counted for by the change in hexosamine to pro- 
tein ratio in the seromucoid. 

Corticotropin has been found to produce an in- 
crease in the seromucoid in normal individuals 
(23). In patients with rheumatic fever, cortico- 
tropin lowered the initially elevated seromucoid 
level, but not entirely to normal, reaching a plateau 
and remaining somewhat elevated after other 
“acute phase reactants” were normal. When the 
corticotropin was discontinued, the seromucoid 
level fell the rest of the way to normal (24). Our 
findings in regard to the protein content of the 
seromucoid are similar. Those patients who had 
small elevations of the seromucoid protein level 
before therapy had an increase in the protein con- 
tent of this fraction during therapy with anti- 
inflammatory hormones. In patients with rheu- 
matic fever, who had markedly elevated levels 
before therapy, we also noted that hormones re- 
sulted in a fall of the protein content of the sero- 
mucoid toward, but not to, normal. It seemed that 
the direction of change with therapy depended on 
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the initial level, but the final level achieved was 
similar in all instances. In addition, the hexos- 
amine content of the seromucoid fraction, was 
found to decrease during hormone administration 
in all instances. Thus the hexosamine decreased 
while the protein content of the seromucoid in- 
creased in those instances in which the protein rose 
with therapy. The ratio of hexosamine to protein 
fell toward normal in all. 

These data seem to indicate that there are 
physiological differences among the components 
of the seromucoid fraction also. One or more com- 
ponents particularly rich in hexosamine may be 
increased by disease, while others containing pro- 
portionately less hexosamine may remain un- 
changed or undergo less of an increase. The hex- 
osamine to protein ratio thereby increases during 
activity of the disease process. Suppressive hor- 
mone therapy apparently lowers the hexosamine to 
protein ratio by lowering the hexosamine-rich ma- 
terial selectively or predominantly. Since the pro- 
tein level rises with hormone therapy if it is low 
initially, one component of this fraction, at least, 
must be increased by these agents. Presumably 
the latter component is not as rich in hexosamine 
as that lowered by therapy, since the total hexos- 
amine and hexosamine to protein ratio decreases 
with hormone therapy. 

The available information in the literature and 
that obtained by the methods used in this study 
seem to indicate differences in the significance of 
the various carbohydrate-containing fractions in 
the serum. It seems likely that further study of 
the physiology of individual components will be 
of interest. 


SUMMARY 


1. The total serum hexosamine rises in several 
diseases, leading to an increase in the ratio of 
total serum hexosamine to total serum protein. 

2. Electrophoretic separation of serum proteins 
at pH 8.6 showed, in most of the diseases studied, 
a rise in the hexosamine associated with the 
alpha-1 globulin which was greater than the ac- 
companying rise in protein content of the alpha-1 
globulin, resulting in an increase in the ratio of 
hexosamine to protein. In the alpha-2, beta and 
gamma globulin fractions, parallel changes in 
hexosamine and protein occurred, with no sig- 
nificant changes in ratio. 


3. The perchloric acid-soluble fraction, or sero- 
mucoid, also increases non-specifically with dis- 
ease, but the hexosamine content was found to 
increase more than the protein, raising the ratio of 
hexosamine to protein in this fraction. 

4. Suppression of inflammation with hormone 
therapy was found to decrease the hexosamine con- 
tent of the alpha-1 globulin and seromucoid and 
lower the ratio of hexosamine to protein in those 
fractions. 

5. These observations are interpreted as indi- 
cating that in the seromucoid and the alpha-1 glob- 
ulins there seems to be an increase in at least one 
component which is richer in hexosamine than the 
rest of the fraction in a variety of illnesses, and 
that there is a fall in a hexosamine-rich component 
with anti-inflammatory hormone therapy. 
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Central and pulmonary vascular engorgement 
is a characteristic feature of congestive heart fail- 
ure. It has been suggested many times that this 
vascular engorgement might be responsible for 
certain phenomena associated with congestive 
failure, such as stiffening of the lungs, dyspnea, 
and orthopnea. However, the simultaneous oc- 
currence of pulmonary edema and other changes 
has made it difficult to single out the effects of 
simple vascular engorgement. 

The present study was undertaken to investi- 
gate the pulmonary and circulatory effects of 
acute, reversible central and pulmonary vascular 
engorgement in normal man. 

Central and pulmonary vascular engorgement 


was produced by rapid application of pressure 
over the surface of the body. Two methods were 
used to accomplish this: inflation of an aviator’s 
“G suit,” and submersion in water while breathing 
against atmospheric pressure. 

The results indicate that vascular engorgement 
of the degree found in congestive heart failure can 


markedly stiffen the lungs. In addition, it was 
found that the production of acute central and pul- 
monary vascular engorgement in normal subjects 
by the present experimental means is quickly fol- 
lowed by changes which reduce the engorgement 
and which may represent an adaptive circulatory 
response. These changes could be modified by 
pre-treatment with drugs which alter vascular 
tone or by applying a painful stimulus. 


METHODS 


Subjects. All subjects studied in G suit experiments 
were male students 20 to 30 years of age. Three of the 


1 This work was supported (in part) by a grant (Pub- 
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stitutes of Health, Public Health Service, (in part) from 
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subjects studied during submersion were females, in the 
same age group. The subjects were indoctrinated by 
several dummy runs before measurements were made to 
minimize the effects of anxiety. 

G Suit. The G suit? was a single chamber, balloon 
type garment which covered the feet, legs, and lower 
abdomen. The suit could be inflated to the desired pres- 
sure within 5 seconds by a standard Air Force G-valve. 
Suit pressure of 2 PSI (103 mm. Hg) was customarily 
used. The subjects were studied in the seated position 
before, during and after a 2-minute period of suit infla- 
tion. 

Submersion. Seated subjects were studied before, dur- 
ing and after submersion in water to the neck and with 
the head just below the surface. At this depth, the 
mean pressure at hip level during total submersion was 
approximately 60 mm. Hg or 1.2 PSI. 

Ventilatory measurements. Ventilation was measured 
with a wire screen flowmeter using a Statham differen- 
tial strain gage. The amplified flow signal was either 
recorded directly or electrically integrated* to record 
respiratory volume change. During the G suit experi- 
ment, subjects breathed through a mouth piece almost 
directly into the flowmeter. Before and during sub- 
mersion the mouth piece led to a 2.5 foot length of 1 
inch I.D. corrugated tubing which in turn was attached 
to the flowmeter. Although this provided an undesir- 
ably large dead space, the same arrangement was used 
during both control and submersion studies, and the 
respiratory rates remained at all times within the usual 
normal limits. Tidal volumes with this arrangement 
were greater than normal and amounted to about 1000 
ml. during both control and submersion periods. 

Esophageal pressure was measured using an esophageal 
balloon as described by Mead and Whittenberger (1). 
The difference between esophageal pressure and mouth 
pressure was measured by means of a differential strain 
gage. This pressure, the “transpulmonary pressure,” 
was recorded simultaneously with the flow and volume 
measurements. 

From the recordings of flow, volume, and pressure, 
pulmonary compliance and resistance were measured as 
described by Mead and Whittenberger (1). Compliance 
is expressed as L. per cm. H,O and resistance as cm. 
H.O per L. per sec. at a flow of 0.5 L. per sec. In each 


3 Made by the David Clark Company, Inc., Worchester, 
Mass. 
# Modified Technitrol Integrator. 
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instance, compliance was measured on five successive 
breaths and the mean value used. Thus, for example, the 
pulmonary compliance at 30 seconds after G suit infla- 
tion or submersion in water, listed below, actually repre- 
sents the mean value of the five breaths nearest the 30- 
second mark. In like manner, the respiratory resistance 
values represent a mean of five determinations in each 
instance. 

Inflation of the G suit caused a decrease in functional 
residual capacity amounting to about 500 ml. Conse- 
quently, it was necessary to determine whether this 
change alone would affect the measurement of compli- 
ance, although volume changes of this amount do not 
significantly alter compliance under normal conditions 
(2). In 3 subjects, the end-expiratory lung volume was 
voluntarily held at the control level during G suit in- 
flation. This was done by maintaining a constant end- 
expiratory position on the tidal volume record. Compli- 
ance changes during G suit inflation were found on re- 
peated trials to be unaffected by controlling the lung 
volume in this way. 

The possibility arises that compliance measurements 
might be affected by a reflex change in esophageal tone 
induced by inflation of the G suit or submersion in water. 
These procedures caused a small immediate increase in 
the absolute level of intraesophageal pressure which was 
commensurate with the attendant decrease in resting lung 
volume and was ascribed to this cause. The new pres- 
sure level was stable. There was no increased tendency 


On 


for intraesophageal pressure to fluctuate widely. 
release of G suit pressure or emersion of the subject 
from water, the mean level of intraesophageal pressure 


decreased promptly again. The small pressure change 
which did occur was consistent, stable, and reversible. 
For this reason it appears unlikely that G suit inflation 
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or immersion in water caused reflex changes in esophageal 
tone which could account for the measured changes in 
compliance. 

Circulatory measurements. Brachial artery pressure 
was measured by way of an indwelling arterial needle. 
Central venous pressure was measured through a catheter 
(0.065 inch I.D.) in the superior vena cava. The fourth 
sterno-costal junction was taken as the reference point. 
Statham strain gages served as transducers for both 
measurements. 

As a rough index of changes in intrathoracic blood 
volume during G suit inflation, radiographic density of 
the lungs was followed fluoroscopically and by roentgeno- 
grams, using standard exposure and development tech- 
niques. A series of control films was made at different 
depths of inspiration. Films made during G suit infla- 
tion were compared with control films showing the dia- 
phragm at the same level. 

As a further index of changes in intrathoracic blood 
volume, thoracic radioactivity was followed continuously 
during G suit inflation after an intravenous injection of 
10 we. of I™ albumin. Monitoring was accomplished by 
a sodium iodide, thallium activated scintillation crystal de- 
tector with the amplified signal recorded on a direct 
writing apparatus. The detector was shielded to moni- 
tor an area 5 inches in diameter at a distance of 6 inches. 
It was positioned over the right mid-lung field to exclude 
the heart and liver from the area monitored. Studies 
were performed within five minutes after injection when 
essentially all of the radioactive material remained in the 
blood. In order to determine whether this arrangement 
could reflect directional changes in intrathoracic blood 
volume, a trial was made in each subject of the effect of 
reducing intrathoracic blood volume by performing a 
Valsalva maneuver. In each case, this caused a definite 


TABLE I 
Pulmonary compliance, central venous pressure and arterial pressure during G suit inflation 
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TABLE II 
Pulmonary compliance and respiratory resistance during submersion while breathing against atmospheric pressure 


Pulmonary compliance 


Inspiratory resistance 
cm. H20/L./sec. 


Depth of 
submersion Control Neck level 
Time after 
submersion 
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Head 


Control under 
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Average 
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decrease in radioactivity over the test area while intra- 
thoracic pressure was increased. This result was taken 
to indicate the probability that changes in thoracic radio- 
activity which occurred during G suit inflation at least 
partially reflected changes in intrathoracic blood volume. 

G suit inflation after pretreatment with hexamethonium, 
Intravenous injections of hexamethonium bromide were 
given to seated subjects to lower systolic pressure to ap- 
proximately 70 mm. Hg. There was a wide variation in 
the dosage required to accomplish this. The mean dose 
(four subjects) was 225 mgm. Central venous pressure, 
arterial pressure and pulmonary compliance were meas- 
ured during G suit inflation before and after administra- 
tion of hexamethonium. 

G suit inflation during norepinephrine infusion. The 
central venous catheter was used to allow alternate 5- 
second intervals of central venous pressure measurement 
and infusion of norepinephrine at a constant rate. The 
rate of infusion was adjusted to maintain the systolic 
blood pressure at approximately 170 mm. Hg. Central 
venous pressure, arterial pressure, pulmonary compliance 
and thoracic radioactivity were evaluated before and dur- 
ing G suit inflation both before and with norepinephrine 
infusion. 


RESULTS 


Changes during the first 30 seconds of G suit in- 
flation (Table I) 


The central venous pressure of each subject rose 
markedly upon inflation of the G suit. At 30 sec- 
onds, the mean increase in 13 subjects was 26.8 
cm. H,O. Pulmonary compliance decreased in 
every instance following G suit inflation (14 sub- 
jects). The mean contro! compliance was .217 
L. per cm. H,O. At 30 seconds after G suit in- 
flation the group mean was .093 L. per cm. H,O. 


Arterial pressure increased (8 subjects) by a 
group mean of 22 mm. systolic and 20 mm. dia- 
stolic at the 30-second point. The peak pressure, 
which occurred immediately after suit inflation, 
was slightly higher than this, but after a few sec- 
onds the pressure stabilized at a nearly constant 
level. There was a marked increase in radio- 
graphic pulmonary vascular density and in trans- 
verse cardiac diameter (4 subjects) as compared 
with control films showing the diaphragm at ap- 
proximately the same level. All these changes 
were maximal within 15 seconds after G suit in- 
flation. Thoracic radioactivity began a sharp in- 
crease with G suit inflation and reached a peak 
15 to 30 seconds thereafter (5 subjects). There 
was no change in respiratory rate. 


Changes during the first 30 seconds of submersion 
(Table II) 


The effect of submersion was similar to that of 
G suit inflation. Pulmonary compliance decreased 
from a mean control value of .168 L. per cm. H,O 
to .100 L. per cm. H,O with 30 seconds’ sub- 
mersion to the level of the neck (7 subjects) and 
to .077 L. per cm. H,O with 30 seconds’ total sub- 
mersion (8 subjects). Respiratory resistance was 
not greatly changed by submersion (4 subjects). 
Respiratory rate did not change with submersion. 


Changes during prolonged G suit inflation 


Further changes during the 2-minute period of 
G suit inflation are detailed in Table I. As G suit 
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30 120 30 120 120 
Subject 
WD 150 093.090 
GH 185 104 «118 047.093 0.9 0.9 
FM 084 080.102 1.4 1.8 
JN 062.080 049.104 
SB 177 120.132 051.095 1.2 2.0 
RF 224 122.128 076 1.2 1.6 
LB 179 133.186 061.079 
LH 072.072 081.144 
168 100.116 077.100 
031 042.039 027.021 
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pressure was maintained, the high central venous 
pressure began to decrease gradually. The mean 
increment above control level was 26.8 cm. H,O 
at 30 seconds (13 subjects), 22.3 cm. H,O at 60 
seconds (13 subjects) and 18.9 cm. H,O at 120 
seconds (12 subjects). Correspondingly, pul- 
monary compliance, after the initial fall, began 
to increase and continued increasing throughout 
the last 14% minutes of constant suit pressure. 
The mean compliance was .093 L. per cm. H,O at 
30 seconds (14 subjects), .114 L. per cm. H,O at 
60 seconds (14 subjects) and .141 L. per cm. H,O 
at 120 seconds after G suit inflation (15 subjects). 
These progressive changes in central venous pres- 
sure and compliance were observed in each sub- 
ject. 

Following the initial increase in radiographic 
pulmonary density with G suit inflation, definite 
but incomplete clearing of the increment in den- 
sity was observed by fluoroscopy and by films dur- 
ing the 2 minutes of continued G suit pressure (4 
subjects). 

Thoracic radioactivity, after the initial increase 
with G suit inflation, decreased throughout the 
remainder of the 2 minutes of continued suit pres- 
sure in 4 of 5 subjects. In the remaining subject, 
thoracic radioactivity showed the usual initial in- 
crease with suit inflation, but did not decrease dur- 
ing the remainder of the 2-minute period. 


Arterial pressure and respiratory rate did not 
change during this prolonged interval. 

The finding that radiographic pulmonary den- 
sity and thoracic radioactivity began to decrease 
while G suit pressure was maintained indicates 
that the intrathoracic blood volume was also de- 
creasing. This was associated with decreasing 
central venous pressure and increasing compli- 
ance of the lungs. These changes all began within 
30 seconds after G suit inflation and the return 
toward control values continued during the re- 
maining period of constant G suit pressure. 


Changes during prolonged submersion (Table IT) 


The changes during submersion for 2 minutes 
were similar to those during prolonged G suit in- 
flation. Following the initial decrease in pul- 
monary compliance with submersion, increasing 
compliance was observed. During submersion to 
the neck, compliance increased in 7 subjects from a 
mean of .100 L. per cm. H,O after 30 seconds to 
a mean of .116 L. per cm. H,O after 120 seconds. 
This change is statistically significant (P < .05). 
In 8 subjects during total submersion compliance 
increased from a mean of .077 L. per cm. H,O 
after 30 seconds to a mean of .100 L. per cm. H,O 
after 120 seconds (P < .01). 

The effect on pulmonary compliance of sub- 
mersion, like that of inflation of the G suit, is an 


TABLE III 


Pulmonary compliance, central venous pressure and arterial pressure during G suit inflation 
before and after hexamethonium bromide 


= 


Before hexamethonium 


Central venous 
pressure change Arterial pressure 


mm. Hg 
30-120 


Control 


100/64 
105/50 
110/70 

96/70 


103/63 


125/75 
130/70 
120/75 
120/80 


28.6 124/75 


After hexamethonium 


120/80 
138/80 
110/80 


123/80 


Time after Pulmonary compliance 
G suit L./cm. H:0 cm. 

ca (seconds) Control 30 60 120 30 60 120 

Subject 

ST 164 .054 29 27 23 

wc 128 30 29 24 

MM 190 .152 27 23 18 

LB 234 28 26 22 

Average 179.076.088.098 
4 

ST 229 102 17 14 13.5 60/40 

wc 137.088 .072—S.087 19 20 17 90/50 
MM 176 092 108 145 145 13 68/40 

LB 20 17 15 76/50 

Average 194 .084 .081 .098 17.5 164 14.6 73/45 
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TABLE IV 


Pulmonary compliance, central venous pressure and arterial pressure during G suit inflation 
before and during norepinephrine infusion 


Before norepinephrine infusion 


Time after 
G suit 


Pulmonary compliance 
L./cm. 


Arterial pressure 


Central venous pressure 
cm, H:0 mm. Hg 


Control 30 60 


Control 


Control 30-120 


Average 
Std. Dev. 


During norepine 


Std. Dev. 


126/73 


103/58 129/86 


o- 


hrine infusion 


165/82 
183/78 
150/84 
192/82 
160/85 


170/82 


177/105 


182/103 


Sh 


initial sharp decrease with subsequent incomplete 
return toward control values during continued 
submersion. 


Changes during G suit inflation after hexametho- 
nium injection (Table III) 


G suit inflation after hexamethonium injection 
produced in 4 subjects a less marked increase in 
central venous pressure (mean 17.5 cm. H,O) 
than it produced during control observations in 
the same subjects prior to hexamethonium injec- 
tion (28.6 cm. H,O). During continued G suit 
inflation a progressive fall in central venous pres- 
sure was again apparent, but it was less marked 
than that which occurred during the control ob- 
servations. 


Pre-treatment with hexamethonium did not al- 
ter the pulmonary compliance changes associated 
with G suit pressure. 


Changes during norepinephrine infusion (Table 
IV) 


In 5 seated subjects norepinephrine infusion 
consistently produced an increase in central ve- 
nous pressure and a decrease in compliance. 
There was no detectable change in thoracic radio- 
activity during norepinephrine infusion. 


Changes during G suit inflation with norepineph- 
rine infusion (Table IV ) 


G suit inflation during norepinephrine infusion 
resulted in a marked immediate increase in cen- 
tral venous pressure and a simultaneous decrease 
in pulmonary compliance. During the 2-minute 
period of constant G suit pressure, there was no 
significant further change in either of these values. 

Thoracic radioactivity increased markedly with 
G suit inflation during norepinephrine infusion (3 
subjects). During continued G suit pressure, 
thoracic radioactivity either remained constant or 
continued to increase slightly. 


Immersion of arm in ice water during G suit 
inflation 


The effect of a strong autonomic stimulus was 
examined in 2 subjects by immersing one arm 
deeply in agitated ice water for 2 minutes. As 
indicated in Table V, this procedure alone caused 
a definite fall in compliance and an elevation in 
central venous pressure. Table VI shows the ef- 
fect of immersing the arm in ice water coincident 
with G suit inflation. As with norepinephrine in- 
fusion, the initial changes in compliance and ve- 
nous pressure tend to be maintained during the 


| 
(seconds) 120 «(30 60 120 
Subject 
RS .200 125 135 145 20.5 16.1 12.4 95/56 100/68 
RN -184 .083 .090 .096 29.5 25.5 Za 122/70 150/100 : 
CH .209 .066 .079 081 36.5 28.5 26.5 95/50 130/100 
ED .214 .096 147 22.5 20.5 16.0 118/63 139/86 
LB 216 ©.076 095.103 23.2 19.0 14.5 33/50 
204 25.9 21.9 183 
.013 .022 .023 .028 6.4 5.0 6.1 « 
RS 111.075.080.081 35.2 348 348 
RN .147 .064 .063 .061 34.0 32.5 32.0 191/99 i! 
CH .167 .043 .046 .050 44.4 44.6 43.5 157/100 f 
ED .176 .082 .082 .086 46.5 48.5 48.5 205/110 
LB .209 .056 .060 .060 40.5 42.0 45.0 180/100 : 
Average 162 .064 .066 .068 40.1 405 408 i 
.036 .015 015 $5 6.7 7.0 
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TABLE V 


Effect of immersion of the arm in ice water on pulmonary 
compliance and central venous pressure 


Central venous 
pressure 
cm. H:0 


Pulmonary 
compliance 
L./cm. H20 


entire 2-minute period instead of returning to- 
ward control values. 


Release of G suit pressure and emersion from 
water 


All measured values returned to control range 
within 10 seconds after release of G suit pressure 
or emersion from water. Invariably arterial pres- 
sure and central venous pressure fell below con- 
trol levels for 3 to 5 seconds after release of G 
suit pressure. 


DISCUSSION 


Inflation of the G suit caused marked central and 
pulmonary vascular engorgement, as evidenced 
by an increase in central venous pressure, in 
radiographic density of the lungs, and in thoracic 
radioactivity after injection of I*** labeled albu- 
min. Pulmonary engorgement was always ac- 
companied by a large decrease in compliance. 
Upon release of suit pressure, these changes all 
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disappeared promptly. The compliance change 
produced by G suit inflation was quite comparable 
in magnitude to that which is found in congestive 
heart failure (3). 

The present evidence indicates that simple pul- 
monary vascular engorgement can produce a 
marked decrease in compliance, but the manner in 
which engorgement acts to produce this effect is 
not clear. It has been suggested that the lungs 
may be stiffened in some way by an increase in 
pulmonary intravascular pressures (3-8). 

This factor would certainly be operative under 
the present conditions. It has been reported that 
inflation of a G suit causes an elevation of intra- 
vascular pressure throughout the pulmonary cir- 
culation comparable to the increase produced in 
the central venous pressure (9). However, G 
suit inflation also increases intrathoracic blood 
volume, and the present study does not exclude 
this factor as a determinant of compliance changes. 

Similar changes in compliance have been pro- 
duced by increasing the pulmonary vascular pres- 
sure in experimental animals (4, 6, 7), and rapid 
intravenous infusions have been reported to pro- 
duce a compliance fall in normal human subjects 
(10). These results also suggest that simple pul- 
monary vascular engorgement can produce a de- 
crease in compliance. 

The mechanism of the decreased compliance in 
congestive heart failure appears to be somewhat 
more complicated. Brown, Fry, and Ebert (3) 
found that pulmonary compliance was decreased 
in patients with congestive failure, and the extent 


TABLE VI 


Effect of immersion of the arm in ice water on the change in pulmonary compliance and 
central venous pressure during G suit inflation 


Before immersion of arm in ice water 


Pulmonary compliance 


Central venous pressure 
cm. H:0 


Control 30 60 


Control 30 


.071 
-120 


-095 


-200 


189 


-055 
-107 


-081 


22 
29 


-100 


During immersion of arm in ice water 


-168 
.210 


-189 


.069 
079 


.074 


079 
-083 


.070 
-085 


.076 


ts Time after 

immersion 

a (seconds) Control 120 Control 120 | 
Subject 

ie PK .170 .098 1.0 3.0 

MM -200 135 1.5 6.0 

| 

G suit L./cm. 

(seconds) 120 60 120 

Subject 

ee PK .076 1.0 15 11 

ae Average 1.2 25.5 21 17.5 

e PK 1.0 33 24 28 

Average 1.2 27 27 27 

| 
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of the change appeared to be related to the severity 
of the failure. There was a good correlation be- 
tween decrease in compliance and reduction in 
vital capacity. Examinations have been made of 
the effect on compliance of elevating pulmonary 
vascular pressures by exercise in patients with 
mitral stenosis (8, 11). This often causes a de- 
crease in compliance, but it may fail to do so in 
cases where compliance is already much reduced 
at rest. In such cases, the reduction in compliance 
may depend on the fibrotic pulmonary changes 
which are known to occur in severe mitral stenosis. 
It is probable that pulmonary edema also con- 
tributes to the reduced compliance of patients 
with congestive failure. Pulmonary edema pro- 
duced by ANTU will lower compliance in the dog 
(12). In general, it appears that simple pulmo- 
nary vascular engorgement can reduce compliance 
to the extent seen in congestive heart failure, but 
that the compliance reduction in this disorder may 
depend on other factors as well. 

Although most of the subjects were trained ob- 
servers, only one complained spontaneously of 


dyspnea during G suit inflation. Two others de- 
scribed upon questioning a vague sense of short- 
ness of breath during the experiments. The youth 
and vigor of the subjects as well as the acute na- 
ture of the experiments render difficult the inter- 


pretation of this subjective sensation. It is evi- 
dent that the healthy young adult tolerates very 
low pulmonary compliance for short periods with- 
out experiencing dyspnea at rest. 

On inflating the G suit and maintaining its pres- 
sure, there was at first an abrupt increase in cen- 
tral and pulmonary vascular engorgement, and 
then a gradual decrease, as indicated by a progres- 
sive decline in central venous pressure, in radio- 
graphic density of the lungs and in thoracic radio- 
activity, and by a simultaneous increase in com- 
pliance. Similar compliance changes occurred 
during submersion. These changes suggest that 
the initial abrupt increase in intrathoracic blood 
volume is being reduced by redistribution of blood 
to the periphery. The combination of a gain in 
peripheral blood volume occurring conjointly 
with a fall in central venous pressure might be 
produced by an overall fall in peripheral vascular 
tone, particularly venous tone. It might also be 
caused by pooling of blood in vascular regions 
which are under less than the mean externally ap- 


plied pressure and which can accept additional 
blood from the arterial side until the local venous 
pressure rises sufficiently to open venous valves 
and re-establish a return flow into the general ve- 
nous system. The first of these mechanisms would 
represent a vasodepressor response, the second 
a passive pooling. To investigate this subject fur- 
ther, trials were made of the effect of altering 
venomotor tone by appropriate drugs before G suit 
inflation. 

Partial ganglionic blockade with hexametho- 
nium greatly reduced the venous pressure rise 
after G suit inflation, possibly because of a de- 
crease in “resting” venomotor tone, but the effect 
on compliance was unchanged. This response 
does not differentiate between the two mechanisms. 

Pre-treatment with norepinephrine abolished the 
evidence of redistribution of blood from the cen- 
tral region back into the periphery. It is conceiv- 
able that this blocking effect might result either 
because the direct action of norepinephrine on ves- 
sels prevented the occurrence of a vasodepressor 
response or because overall venous tone was so in- 
creased that no significant passive pooling could 
occur. Central venous pressure was increased 
by norepinephrine alone and was very greatly in- 
creased by subsequent inflation of the G suit. 

The existence of venomotor reflexes which are 
capable of producing a considerable increase in the 
central venous pressure is well established (13, 
14). Whether the present redistribution phe- 
nomenon represents an actual venodepressor re- 
sponse or passive pooling, it is apparent that the 
extent of the initial rise in venous pressure and 
the subsequent course of events depend very 
closely on venous tone. It is still not clear whether 
a decrease in venous tone occurs during the period 
of G suit inflation and contributes to the redistribu- 
tion of blood. 

The ice water experiments indicate that the 
nervous system can mediate changes in venous 
tone in normal subjects which are associated not 
only with an increase in central venous pressure 
but also with a considerable fall in compliance. 
By analogy with the other experiments in which 
central venous pressure is elevated, it appears 
likely that this decrease in compliance reflects 
some degree of pulmonary vascular engorgement 
resulting from a transfer of blood from the sys- 
temic to the pulmonary circulation. When cen- 
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tral and pulmonary vascular engorgement are al- 
ready present, as after G suit inflation, the nervous 
system can mediate an increase in venous tone 
which is able to sustain very high pressures and 
which apparently maintains pulmonary engorge- 
ment by resisting transfer of blood from the pul- 
monary to the systemic circulation. The results 


obtained with ice water closely simulate those ob- 
tained during norepinephrine infusion. 


SUMMARY 


1. Brief, acute central and pulmonary vascular 
engorgement was induced in normal subjects by 
application of pressure to the body surface. This 
was done either by inflation of an aviator’s G 
suit to 2 PSI or by submersion in water while 
breathing against atmospheric pressure. G suit 
inflation produced in 15 subjects an increase in 
central venous pressure of 26.8 (S.D. 7.8) cm. 
H,O and a fall in compliance from the control 
value of .217 + .048 L. per cm. H,O to .093 + 
.036 L. per cm. H,O. A similar compliance fall 
occurred with submersion. 

2. On maintaining G suit pressure or submersion 
for a 2-minute period, central venous pressure and 
compliance showed a progressive, but incomplete, 
return toward control levels. Infusion of nor- 
epinephrine or immersion of an arm in ice water 
during this time prevented the return of venous 
pressure and compliance toward control levels. 

3. Administration of norepinephrine or im- 
mersion of an arm in ice water without suit infla- 
tion caused a moderate increase in central venous 
pressure and a moderate decrease in compliance. 

4. When the G suit was inflated during norepi- 
nephrine infusion, the resultant elevation of cen- 
tral venous pressure and the drop in compliance 
were greater than in untreated subjects. Pre- 
treatment with hexamethonium diminished the 
rise in central venous pressure which occurred 
with suit inflation, but did not affect the compli- 
ance changes. 

5. It is suggested that the compliance changes 
induced by these procedures depend, at least par- 
tially, on varying degrees of pulmonary vascular 
engorgement and that this, in turn, is partially 


dependent, under the present experimental condi- 
tions, on peripheral venous tone. 
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Previous workers have shown (1-7) that 17- 
hydroxycorticosteroids disappear rapidly from the 
plasma after cortisol (hydrocortisone) is injected 
intravenously. The disappearance rates have not, 
however, been studied in detail nor have analytical 
methods been used which would distinguish corti- 
sol from its reduced derivatives. In the present 
experiments disappearance curves of cortisol have 
been determined, both after sudden massive injec- 
tions, and during slow infusions at rates which per- 
mitted the establishment of equilibrium at physio- 
logical plasma cortisol concentrations. Steroid 
determinations have been performed by methods 
which separate cortisol from all other steroids 
known to be present in human plasma. 


MATERIALS AND METHODS 


All subjects were healthy male medical students be- 
tween the ages of 21 and 25 years, without evidence of 
serious disease or history of hepatic, renal or endocrino- 
logical abnormality. Studies were started between 8:30 
and 9:30 am. The subjects were ambulatory but other- 
wise inactive. They were on normal diets throughout the 
experiment and all understood the nature of the procedure. 
Five subjects were used in each part and those who par- 
ticipated in Part I were not used in Part II. 

Heparinized blood samples were centrifuged immedi- 
ately upon withdrawal and except in a few cases were 
extracted the same day. On occasion it was necessary to 
freeze the plasma for a few days prior to extraction. The 
plasma samples were analyzed by the method of Bondy, 
Abelson, Scheuer, Tseu, and Upton (8, 9), a brief de- 
scription of which follows. 

Appropriate duplicate quantities of plasma were ex- 
tracted with chloroform and the extracts chromato- 
graphed in the Bush toluene-75 per cent methanol paper 
chromatography system. Cortisol spots were eluted with 
ethyl alcohol and the quantity of steroid measured by po- 
tassium butoxide fluorometry (8). Small amounts of 
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cortisol-4-C* were added to the original plasma sample 
and the radioactive recovery used to correct for losses 
during the procedure. The calculated standard deviation 
between duplicate samples with this method is +7 per 
cent, and recovery of added cortisol is 100 + 14 per cent. 


EXPERIMENTAL PROCEDURE 


Part I: A control blood specimen was drawn and then 
100 mg. of cortisol (Upjohn) in 150 ml. of 6.7 per cent 
alcohol and 5 per cent glucose in water were injected 
over a 5-minute period through the same needle. Blood 
samples were taken at 15, 60, 150, 300, and 420 minutes 
from a vein in the opposite arm. In two subjects samples 
were taken every 15 minutes for the first hour and every 
20 minutes for the second hour. The total amount of 
blood drawn was 320 ml. 

Part II: After an initial blood sample had been drawn, 
an infusion of cortisol in 500 ml. of 5 per cent glucose 
(Merck) was injected intravenously through a constant 
infusion pump at approximately 300 ug. per minute. 
Thereafter blood was withdrawn from the opposite arm 
at 60, 165, 180, 300, and 480 minutes. After withdrawal 
of the 180-minute sample the infusion was stopped and 
the solution run through the pump and needle into a 
100-ml. volumetric flask for 10 minutes. The flask was 
then filled to volume with distilled water. An appropriate 
aliquot was extracted with chloroform three times. The 
chloroform was evaporated and the residue dissolved in 
6 ml. absolute ethyl alcohol and read on a Beckman Model 
DU spectrophotometer at a wave length of 242 my to 
determine accurately the amount of cortisol infused over 
a 10-minute period. The total amount of blood drawn 
was 360 ml. 

Urine analyses were not performed because the portion 
of injected cortisol excreted unchanged by the kidney is 
very small (5). 


CALCULATIONS 


Part I: At the time of the first post-infusion sample 
it was assumed that the adrenal gland was no longer 
secreting cortisol and that the amount of endogenous cor- 
tisol present was relatively very small so that the plasma 
level was almost totally due to exogenous cortisol. If 
the disappearance of the steroid from the plasma is pro- 
portional to the concentration (2), it is represented 
by the equation: 


dc 
= Ke (1) 
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where c is the concentration in the theoretical volume of 
distribution, v. It is assumed that c is constant through- 
out v (see below). By integrating: 


(2) 


c = Coe*t 


where C, is the concentration at time zero. 

Part II: The same assumptions were made regarding 
the endogenous cortisol as in Part I. Since the cortisol 
was being added to the system at a constant rate, the 
change of concentration assuming no loss would be: 

dc 

(3) 
where r is rate of infusion. When the rate of disappear- 
ance of the steroid is taken into account (Equation 1) net 
increase in concentration may be represented as: 


(4) 


If the concentration of cortisol was zero at time zero, 
then: 


(5) 


= (1 
c e~kt) 
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When t = ~, c reaches an asymptote: 


r 
(6) 


r is a known constant and the values for c are known 
at different times. Substituting these values in Equation 
5, v and k, can be derived. The descending curve is 
analyzed by Equation 2. 

The elimination of endogenous cortisol has been cal- 
culated in Parts I and II from Equation 2, assuming that 
disappearance of endogenous hormone proceeded at the 
same rate as exogenous cortisol when at equilibrium (7). 
By subtracting the calculated endogenous curves from 
the total, one obtains an approximation of the exogenous 
curves (Figures 1, 2, and 3). 


RESULTS 


Table I represents the levels of cortisol obtained 
after the acute injection of this substance. The 
concentrations differ widely about the mean, but 
each falls on a smooth curve. A graph of the 


Uncorrected Curve 0,------- 
Corrected Exogenous Curve————— 
Calculated Endogenous Curve——-———* 


log. of plasma hydrocortisone conc. in wg. percent 


% 60 120 180 240 300 360 420 
minutes 
Fic. 1. MEraAN CONCENTRATION OF PLASMA CORTISOL AFTER THE RAPID 


INJECTION OF 100 MG. OF CORTISOL 


The equations for the various curves are as follows: 


I. c = 264 
II. c = 88.1 
Ill. c= 
IV. c= 
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t; = 37 minutes 
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PLASMA CORTISOL CURVES AFTER INTRAVENOUS LOAD 


Corrected Exogenous Curve————0 
Caiculoted Theoretical Curve 


in ug. percent 


Plasmo hydrocortisone conc 


420 


180 240 300 360 480 
minutes 


60 120 
Fic. 2. MEAN CONCENTRATION OF PLASMA CORTISOL DURING CONTINUOUS INTRAVENOUS 
INJECTION OF CORTISOL AT A RATE OF 301 ug. PER MINUTE (SOLID LINE) AND THE CURVE WHICH 


WovuLp Have BEEN OBTAINED IF THE RATE CONSTANT AND VOLUME OF DISTRIBUTION Hap 


BEEN CONSTANT THROUGHOUT THE EXPERIMENT 
The infusion was stopped at 180 minutes. The equations for the curves are as follows: 


V. c = 35.2 0.008 ty = 124 minutes 


VI. c 


mean values is shown in Figure 1. During the 
first 150 minutes the rate of disappearance from 
the plasma decelerates fairly evenly so that the 
logarithm of the concentration forms a concave 
curve when plotted against time. This curve can 
be represented by two arbitrary straight lines 
which approximate the average rates of disappear- 
ance during those periods. Thus, during the first 
60 minutes there is a rapid disappearance from the 
plasma at an average rate of 1.84 per cent per min- 
ute. Over the next 90 minutes the disappearance 
averages 1.20 per cent per minute. For the next 
230 minutes the disappearance rate remains con- 
stant at 0.51 per cent per minute with a mean 
half-life of 138 minutes and a range among our 
subjects of 58 to 161 minutes. 

Frequent samples were taken during the first 
150 minutes in two subjects. The results are 
shown in Table II. Because of the very high 
levels of exogenous steroid during this early part 
of the curve, the endogenous levels represent a 
negligible portion of the plasma concentration and 
may be ignored. During this time there is a rapid 


fall, especially in subject JS where the level seems 
to fall to low values and then rebound upward to 
approach the mean curve. This early fall is much 
larger than the experimental error, since the stand- 
ard deviation of the analytical method was only 
*8.5 per cent. The number of subjects is too 
small for general conclusions; however, the data 
demonstrate the rapidity of fall and the variability 
of the rate of disappearance immediately after a 
single, large injection of cortisol. 

If one assumes that the plasma volume is 4 per 
cent of body weight, in these experiments 94.0 per 
cent of the administered dose had disappeared from 
the plasma after 15 minutes, 97.4 per cent at the 
end of 60 minutes, and 99.1 per cent after 150 
minutes. In these instances the plasma cortisol 
level fell below the initial endogenous concentra- 
tion 300 to 420 minutes after the steroid injection. 

Table III represents the results obtained with 
the constant infusion in Part II. Here, as in Part 
I, there is a wide individual variation from the 
mean. The values at 165 minutes and 180 min- 
utes are so similar for any given subject that it 
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in pg. percent 


log. of plasma hydrocortisone conc. 


Uncorrected 
Corrected Exognous Curve 
Calculated Endogenous Curve—-—-x 


° 60 120 180 


240 300 
minutes 


360 420 460 


Fic. 3. MEAN CONCENTRATION OF PLASMA CORTISOL DURING CONTINUOUS INTRA- 
VENOUS INJECTION OF CORTISOL AT A RATE OF 301 ug. PER MINUTE 


Curve VII is the same as curve V, Figure 2, with the ordinate expressed as the 


logarithm of plasma cortisol concentration. 


follows: 
VIII. 


has been thought valid to average them and con- 
sider that the curve has reached its asymptote dur- 
ing this period. The equilibrium concentrations 
range from 25.8 to 66.9 zg. per cent. During the 
infusion the rate of disappearance of cortisol de- 
creases constantly, leveling off during the final 15 


The equation for curve VIII is as 


c = 


minutes toward a half-life of 172 minutes. During 
this 15-minute period the theoretical volume of 
distribution (v in Equation 5) averages 116 per 
cent of body weight. The value of v may also be 
calculated from Equation 6, using the k value ob- 
tained from the falling limb of the curve, and ¢ 


TABLE I 
Plasma cortisol levels after a single intravenous injection of cortisol—Part I 


Time in minutes 


0 
ue./100 ml. 


15 
ug./100 ml. 


60 150 300 420 
ug./100 ml. ug./100 mi. yg./100 ml. ug./100 ml. 


8.2 
4.0 
12.0 
10.0 
8.7 


Mean+SD 


Calculated mean 
endogenous levels 
Calculated mean 0 
exogenous levels 
(corrected for 
endogenous decay) 


13.1+3.2 
13.1 


213.0+9.4 


97.7465 35.5410.6 16.743.5 
9.6 6.0 2.8 


8.63.9 4 


12.1 1.5 


201.0 88.1 29.5 13.9 rf | 
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He 
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° 
A 

Subject Weight 
ie 
as CH 92.9 10.0 140.0 84.0 14.5 2.5 . 
oe AB 75.0 9.4 205.0 73.8 31.1 15.6 
2 7; 71.8 4.5 179.0 63.0 37.5 19.5 
BA ys 61.3 22.5 227.0 70.9 49.5 25.0 
7 AH 72.8 18.9 314.0 197.0 39.0 21.0 
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TABLE II 
Plasma cortisol levels during the first 150 minutes after a single intravenous injection—Part I 


Time in minutes 


15 30 45 
ug./100 ml. ug./100 ml. ug./100 ml. 


60 
ug./100 ml. 


80 100 120 150 
ug./100 ml. pg./100 ml. we./100 ml. /100 mil. 


227.0 
314.0 


136.0 
219.0 


42.2 
188.0 


49.5 
39.0 


83.3 
82.1 


55.5 
56.0 


70.9 
197.0 


42.2 
136.8 


obtained during the last 15 minutes of the infusion. 
By this calculation the mean volume v is 186 per 
cent of body weight. The lower value of v in the 
first calculation arises from the fact that k on the 
ascending portion of the curve is larger than dur- 
ing the descending portion, suggesting that true 
equilibrium may not have been reached at 180 
minutes. Figure 2 shows the calculated mean 
curve plotted on linear graph paper and the theo- 
retical curve one would obtain if v and k were con- 
stant throughout and equal to the 180-minute 
values. Figure 3 shows the mean curve on semi- 
logarithmic paper. In Part II, as in Part I, after 
equilibrium has been reached cortisol disappears 
from the biood at a rate of 0.57 per cent per minute 
with a half-life of 124 minutes and an individual 
range of 93.6 to 141 minutes. During the in- 
fusion, at 60 minutes 96.7 per cent, and at 180 
minutes 97.9 per cent, of the administered cortisol 
had disappeared from the plasma. 

Pre-infusion levels in all subjects in Part II, 
except TT, are above the normal range. At a later 


date samples were drawn from these subjects and 
found to be within normal range. At the end of 
Part II, as in Part I, there is a dip in the plasma 
cortisol level below the initial endogenous level. 


DISCUSSION 


In these experiments, after a period of equili- 
bration cortisol disappears from the blood stream 
at a constant rate, with an average half-life of 
about 130 minutes. This confirms the observation 
by Eik-Nes, Sandberg, Nelson, Tyler, and Samuels 
(1) that the elevated blood 17-hydroxycorticos- 
teroids induced by ACTH decreased at a rate pro- 
portional to the concentration. Similarly, Brown, 
Willardson, Samuels, and Tyler (3) gave intra- 
venous cortisol over a 30-minute period and found 
that after 60 minutes the plasma 17-hydroxycorti- 
costeroid concentration fell exponentially. Eik- 
Nes, Sandberg, Tyler, and Samuels (2) published 
a mean curve from which a half-life of about 120 
minutes can be calculated. Done, Ely, Olsen, and 
Kelley (4) found that the half-life of 17-hydroxy- 


TABLE III 
Plasma cortisol levels during and after constant infusion of cortisol—Part II 


Time in minutes 


pg./min, 


0 60 165 180 300 480 
ug./100 ml. e./100 ml. ml. g./100 ml. g./100 ml. ml. 


64.3 
37.8 
49.0 
25.8 
28.8 


33.7 15.4 
18.4 4.3 
20.8 9 
20.0 .0 
15.2 


Mean+SD 


Calculated mean 
endogenous levels 
Calculated mean 0 
exogenous levels 
(corrected for 
endogenous decay) 


17.5 


17.544.2 36.144.2 43.1463 41.12:4.5 21.643.8 


7.4+1.6 
12.6 7.0 6.5 3.3 1.2 


23.5 18.3 6.2 


* Because of error in analysis of the 165-minute sam ple there was no value obtained. The 180-minute value is used 


in order to preserve the mode of the average curve. 
t The mean of the 165- and 180-minute values. 


71 
kg. 
JK 74.0 327 22.9 62.2 69.5 ‘ 
GE 77.6 371 21.6 37.2 38.8 - 
RW 77.3 231 21.0 33.3 45.0 
AH 88.7 378 15.0 24.0 25.8* : 
95.5 227 23.6 36.2 
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corticosteroids after intravenous injection of cor- 
tisol in normal subjects ranged from 60 to 133 
minutes, with an average of 90 minutes. Sayers 
and his associates (5) observed disappearance of 
cortisol at a rate proportional to concentration, 
with half-lives of 78 to 138 minutes in one normal 
and two Addisonian patients. Peterson, Wyn- 
gaarden, Guerra, Brodie, and Bunim (6) found 
a half-life in 20 normal subjects of 114 + 6.5 min- 
utes, with a range of 90 to 130 minutes. This con- 
stant rate is due mainly to the activity of the liver, 
since Tomizawa, Narahara, Gibbons, and Williams 
(10) showed that hepatectomized rats did not 
metabolize cortisol, and Brown, Willardson, 
Samuels, and Tyler (3) found that in patients 
with liver disease the disappearance rate of 17- 
hydroxycorticosteroids was slowed proportional 
to the retention of bromosulfaphthalein. Peterson, 
Wyngaarden, Guerra, Brodie, and Bunim (6) 
also found increased half-lives in all their patients 
with liver disease. 

The rapid initial removal of cortisol from the 
blood stream, described by others (3, 7), has been 
confirmed in the present experiments. Thus, 
Brown, Willardson, Samuels, and Tyler (3) found 
less than 5 per cent free 17-hydroxycorticosteroids 
in the plasma 60 minutes after intravenous ad- 
ministration, and Hellman and his associates (7) 
found only 13 per cent of C**-labeled cortisol 
present in the plasma 15 minutes after infusion. 
In most of the previous experiments, the analyti- 
cal methods used were somewhat nonspecific, 
since dihydrocortisol and tetrahydrocortisol would 
have been included in the “17-hydroxycorticos- 
teroid” fraction if present in free form. Appar- 
ently negligible amounts of these substances are 
present, however, since the results obtained with 
a highly specific analytical technique in the pres- 
ent experiments are similar to those obtained with 
somewhat less specific methods. 

In all of the previous studies, plasma concentra- 
tions were determined only 60 minutes or more 
after the steroid had been injected. If the data 
presented by Eik-Nes, Sandberg, Tyler, and 
Samuels (2) for individual curves are plotted on 
semi-logarithmic paper, the concentration in each 
case falls more rapidly between the first and sec- 
ond hour than during the remainder of the time. 

In the present experiments the disappearance 
curve was not exponential for the first 150 min- 


utes after the single intravenous injection of cor- 
tisol, but showed a steadily decreasing value for k. 
During the constant injection experiments also 
either k decreased or v increased, or both, until 
equilibrium was reached. This suggests that cor- 
tisol leaves the plasma more rapidly early in the 
experiment than it does after several hours. If 
the late exponential disappearance rate is constant 
during the early part of the experiments, which 
seems a reasonable assumption, then the accele- 
rated rate observed in the initial hours, which ac- 
counts for about 48 per cent of the total disap- 
pearance as estimated from the areas under the 
curves, must reflect the presence of additional 
disposal systems besides the one which controls 
the rate of disappearance at equilibrium. Since 
accelerated cortisol disposal occurred early during 
the constant infusion experiments, the initial rapid 
rate of disappearance cannot be merely the result 
of elevated plasma cortisol concentration, or of 
delay in mixing throughout the volume of distri- 
bution. The loss of steroid directly by renal ex- 
cretion can be ignored since the quantities of un- 
metabolized cortisol entering the urine are negligi- 
ble (5). The temporary rapid disappearance rates 
early in both experiments therefore presumably. 
represent the rapid entry of cortisol into body com- 
partments other than the plasma (1.e., a period of 
“equilibration” [10]). Since extracellular water 
contains no more cortisol than the plasma (11-16), 
the steroid must enter the cells. Levin, Daugha- 
day, and Bremer have suggested that this equili- 
bration is in part a result of binding of cortisol 
to tissue proteins (12), since many proteins can 
form nondialyzable co.aplexes with steroids (13). 
In any case, the present data show that calcula- 
tion of a single theoretical volume of distribution, 
v, is unwarranted since it is based on the assump- 
tion that the concentration of cortisol is the same 
throughout the entire volume of distribution as it 
is in the plasma. Since v proves to be larger than 
the total body volume both in these experiments 
and in those of others (6, 10), the concentration 
of cortisol in sites of binding outside of the plasma 
appears to be much higher than in the plasma. 
The low values for cortisol found at the end 
of the experiment may be due to the suppression 
of ACTH by exogenous cortisol with a lag period 
after most of the exogenous cortisol has been 
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metabolized, leaving an adrenal that has had no 
stimulation for a few hours. 

There must be many unrecognized variables 
which act upon the distribution and disappearance 
of cortisol to account for the wide range of indi- 
vidual values. Pre-injection steroid concentra- 
tions were frequently elevated in subjects later 
proved to be normal, suggesting that the test situ- 
ation itself may alter in some way either the rate 
of endogenous secretion or rate of disposal of the 
hormone. 


SUMMARY 


1. One hundred mg. of cortisol were injected in- 
travenously in 5 minutes into healthy subjects and 
the disappearance of the steroid from the plasma 
was followed. The rate of removal, which was 
very rapid at first, gradually decreased to about 
one-third of the original rate at 150 minutes, after 
which it remained constant with a mean half-life 
for plasma cortisol of 138 minutes. 

2. In a second set of experiments, a constant 
intravenous infusion of approximately 300 yg. per 
minute was given. At 180 minutes equilibrium 
was reached when the amount leaving the plasma 
equalled the amount entering. The post-infusion 
curve was plotted and a mean half-life of 124 min- 
utes was found. The volume of distribution of cor- 
tisol when the plasma concentration was at equi- 
librium was greater than the body weight, indi- 
cating that this “volume of distribution” has no 
real meaning. 

3. Plasma cortisol concentrations a few hours 
after the infusion were lower than those found 
prior te the injection. 

4. The results suggest that cortisol may leave 
the plasma in two general ways: via a reversible 
system in which the steroid is bound in high con- 
centrations to tissue proteins; and an irreversible 
system whereby cortisol is permanently removed 
from the plasma. The early part of the disap- 
pearance curve is greatly influenced by the re- 
versible binding of the steroid, whereas the later 
portion of the curve reflects a first-order metabolic 
process, presumably occurring chiefly in the liver. 


REFERENCES 


1. Eik-Nes, K., Sandberg, A. A., Nelson, D. H., Tyler, 
F. H., and Samuels, L. T., Changes in plasma 


levels of 17-hydroxycorticosteroids during the in- 
travenous administration of ACTH. I. A test of 
adrenocortical capacity in the human. J. Clin. In- 
vest., 1954, 33, 1502. 

. Eik-Nes, K., Sandberg, A. A., Tyler, F. H., and 
Samuels, L. T., Plasma levels of 17-hydroxycorti- 
costeroids following the administration of adrenal 
steroids. Acta Endocrinol., 1955, 18, 244. 

. Brown, H., Willardson, D. G., Samuels, L. T., and 
Tyler, F. H., 17-hydroxycorticosteroid metabolism 
in liver disease. J. Clin. Invest., 1954, 33, 1524. 

. Done, A. K., Ely, R. S., Olsen, L. J., and Kelley, 
V. C., The in vivo half-life of exogenous hydro- 
cortisone in patients with rheumatic fever. Me- 
tabolism, 1955, 4, 416. 

. Sayers, G., Glenn, E. M., Sydnor, K. L., Lipscomb, 
M., Sweat, M. L., Kelly, L. W., Jr., Levy, R. P., 
and Jefferies, W. McK., Plasma and urinary ster- 
oids after hydrocortisone infusion. J. Clin. In- 
vest., 1955, 34, 1600. 

. Peterson, R. E., Wyngaarden, J. B., Guerra, S. L., 
Brodie, B. B., and Bunim, J. J., The physiological 
disposition and metabolic fate of hydrocortisone 
in man. J. Clin. Invest., 1955, 34, 1779. 

. Hellman, L., Bradlow, H. L., Adesman, J., Fukushima, 
D. K., Kulp, J. L., and Gallagher, T. F., The 
fate of hydrocortisone-4-C“ in man. J. Clin. In- 
vest., 1954, 33, 1106. 

. Abelson, D., and Bondy, P. K., Fluorometric deter- 
mination of A*-3-ketosteroids. Arch. Biochem. & 
Biophys., 1955, 57, 208. 

. Bondy, P. K., Abelson, D., Scheuer, J., Tseu, T. K. L., 
and Upton, G. V., J. Biol. Chem., In press. 

. Tomizawa, H. H., Narahara, H. T., Gibbons, C. A,, 
and Williams, R. H., A metabolic study of hy- 
drocortisone in rats. Proc. Soc. Exper. Biol. & 
Med., 1954, 85, 51. 

. Bradlow, H. L., Dobriner, K., and Gallagher, T. F., 
The fate of cortisone-T in mice. Endocrinol., 1954, 
54, 343. 

. Levin, M. E., Daughaday, W. H., and Bremer, R., 
Tissue binding of hydrocortisone. J. Lab. & Clin. 
Med., 1955, 45, 833. 

. Eik-Nes, K., Schellman, J. A., Lumry, R., and Sam- 
uels, L. T., The binding of steroids to protein. I. 
Solubility determinations. J. Biol. Chem., 1954, 
206, 411. 

. Sandberg, A. A., Eik-Nes, K., Nelson, D. H., and 
Tyler, F. H., Levels of 17-hydroxycorticosteroids 
in body fluids. J. Lab. & Clin. Med., 1954, 43, 
874. 

. Baron, D. N., and Abelson, D., Cortisone and hydro- 
cortisone in cerebrospinal fluid. Nature, 1954, 
173, 174. 

16. Cope, C. L., Hurlock, B., and Sewell, C., The distri- 
bution of adrenal cortical hormone in some body 
fluids. Clin. Sc., 1955, 14, 25. 


4h 
\ 
+ 


The increasing evidence that glucagon is a nat- 
urally occurring hormone has led to considerable 
interest and speculation as to its possible metabolic 
roles. The possibility of obtaining glucagon in in- 
creasingly pure preparations and the final obtain- 
ment of a crystalline preparation (1) have added 
impetus to this interest. 

The presence of a hyperglycemic contaminant 
was one of the suggestions advanced to explain 
the initial rise in the blood sugar level which fol- 
lowed the administration of some preparations of 
insulin. There is general agreement that glucagon 
can cause at least a temporary rise in the blood 
sugar level in the presence of insulin. However, 
considerable interest still centers around the ques- 
tion of the relative effects of insulin and glucagon 
on the blood sugar level (2-5). 

It was believed that there would be some ad- 
vantage in exploring the effect of glucagon in pa- 
tients who had received massive doses of insulin. 
This situation obtains in the insulin coma treat- 
ment of psychiatric patients. It was also con- 
sidered that glucagon could serve as a useful 
means of terminating insulin coma. The present, 
report deals with these questions. 


MATERIALS AND METHODS 


The patients used for this study were all hospitalized 
at The Henry Phipps Psychiatric Clinic and were diag- 
nosed as exhibiting schizophrenic reactions. There were 
11 patients, of whom 6 were women and 5 were men. 
They ranged in age from 16 to 48 years with an average 
age of 28 years. They were all in good physical health. 

All of these patients were receiving insulin coma 
therapy as part of the therapeutic regimen for their 


1 This investigation, under the direction of Dr. John C. 
Whitehorn, was supported by a research grant (M-1085) 
from the National Institute of Mental Health of the Na- 
tional Institutes of Health, Public Health Service. 

2 The glucagon employed in this study was kindly sup- 
plied by Dr. W. R. Kirtley of Eli Lilly and Company. 
Portions of lots numbered 208-158B-214, 208-158B-214A, 
and 258-234B-30A were included. 
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psychiatric illness. A commercial preparation of regu- 
lar insulin was employed. The dose of insulin varied 
from 60 to 2000 units with an average dose of 593 units 
for each treatment. On each treatment day the patient, 
in a fasting state, received crystalline insulin intramus- 
cularly at 7:00 A.M. Typically, the patient entered coma 
at about 9:00 A.M. and the coma was terminated at 
about 10:30 A.M. At the time of termination the patient 
was almost invariably in third or fourth stage coma ac- 
cording to the criteria of Himwich (6). The usual 
course of treatments consisted of about 60 comas although 
there was some variation and glucagon was not employed 
for the termination of each coma. 

Insulin comas were terminated with glucagon in 141 
instances. Of this total glucagon was administered in- 
travenously 97 times, intramuscularly 22 times and sub- 
cutaneously on 22 occasions. Following 61 of these 
terminations of coma the response to glucagon was fol- 
lowed with blood sugar determinations. Blood was 
withdrawn from an antecubital vein several minutes be- 
fore the administration of the glucagon and at 5, 10, 15, 
20, 30, 40, and 50 minutes following the administration of 
the glucagon. A separate venipuncture was performed 
for each determination. There was some variation in the 
timing of the withdrawals for technical reasons. On 
two occasions more than one dose of glucagon was ad- 
ministered. The coma was considered clinically termi- 
nated when the patient was able to respond verbally to 
questions or was able to take fluids by mouth with mini- 
mal difficulty. 

In addition, seven of the patients had a series of three 
tests in which glucagon was administered on days when 
they had not received insulin. In each instance the first 
of the three tests was performed the day before insulin 
coma therapy was instituted, the second on the day after 
they had reached the highest insulin dose in the series 
of comas and the third on the day following the last in- 
sulin coma treatment. A fasting specimen of blood was 
withdrawn and the glucagon was administered as a 
rapid intravenous dose. For the tolerance tests the dose 
was always 0.01 mg. per kg. of body weight. Blood 
samples were then withdrawn at 10, 20, 30, 45, 60, and 
120 minutes. 

Early in the work the determination of the blood sugar 


3 Throughout the paper the glucagon dosage is re- 
ported in terms of total milligrams of solids in the glu- 
cagon solution. In the lots of glucagon employed in the 
study about 50 per cent of the solids was actually glucagon. 
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was performed by the method of Folin (7). The later 
determinations were performed by the Nelson modifica- 
tion of the Somogyi method (8). In each case the de- 
termination was performed on 1 cc. of whole blood. All 
of the Somogyi determinations were done in duplicate. 
Most of the values reported for blood sugar are re- 
ported as milligrams change in blood sugar which tends 
to minimize the differences due to method. 


RESULTS 
Clinical findings 


On the 97 occasions when the glucagon was ad- 
ministered intravenously the dose of glucagon 
varied from 0.003 to 0.3 mg. per kg. of body 
weight. However, most of the time the dose was 
between 0.01 and 0.1 mg. per kg. of body weight. 
On 95 of the 97 occasions the coma was clinically 
terminated. On two occasions the patient did not 
awaken. Both of these occurred in the same pa- 
tient. The dose of glucagon in these two in- 
stances was 0.01 and 0.04 mg. per kg. of body 
weight. On one of these occasions the patient also 
failed to awaken with intravenous glucose and had 
a prolonged coma. Successful terminations were 
accomplished on this patient on other occasions. 

On the 22 occasions when glucagon was ad- 
ministered intramuscularly the dose of glucagon 
varied from 0.02 to 0.1 mg. per kg. of body weight. 
Nineteen of these terminations were clinically suc- 
cessful. On 3 occasions the patients failed to 
awaken and responded to intravenously adminis- 
tered glucose. 

Glucagon alone was administered subcutane- 
ously on 11 occasions with 7 awakenings and 4 
failures. Glucagon was also administered subcu- 
taneously with the addition of 75 turbidity re- 
ducing units of a hyaluronidase preparation 11 
times. There were 8 successful awakenings and 
3 failures. 

The average awakening time for all of the in- 
travenous terminations was 13.5 minutes with a 
range of 4 to 22 minutes. The average awakening 
time for all of the intramuscular terminations was 
16.9 minutes with a range of 7 to 24 minutes. 
In computing these averages an awakening time of 
30 minutes was considered a failure. It was felt 
that there were insufficient successful subcutaneous 
terminations to allow for a meaningful average. 

At no time was any adverse effect noted either 


locally or generally following the administration of 
glucagon. 


Characteristics of blood sugar response 


The blood sugar levels just prior to the ad- 
ministration of glucagon averaged 15.0 mg. per 
cent by the Folin method (7) and 5.0 by the Nel- 
son modification of the Somogyi method (8). 

Invariably there was a rise in the blood sugar 
by the time the first blood specimen was obtained 
following the administration of the glucagon. This 
usually occurred at 5 minutes and demonstrates the 
rapidity of the onset of the action of glucagon. 

When the glucagon was administered intra- 
venously the average time of the maximal re- 
sponse of the blood sugar was 25.2 minutes, with 
a range of 17 to 40 minutes. When given intra- 
muscularly the average time of the maximal re- 
sponse was 31.6 minutes with a range of 15 to 56 
minutes. 

The maximal rise in blood sugar averaged 33.6 
mg. per cent with a range of 8 to 59 mg. per cent 
when the glucagon was given intravenously. 
When given intramuscularly the average rise was 
22.2 mg. per cent with a range of 6 to 48 mg. per 
cent. The actual rises were probably a little 
higher, in view of the probability that the highest 
point was missed because of relatively infrequent 
blood specimens. 
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Both curves were obtained in the same patient with a 
glucagon dose of 0.05 mg. per kg. of body weight. A— 
Following the administration of 2,000 units of insulin. 
B—Following the administration of 850 units of insulin. 
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Fic. 2. THe AVERAGE RESPONSES TO A VARIETY OF GLU- 
CAGON Doses IN FIvE PATIENTS 

A total of 35 tests is included, with equivalent doses 

averaged. In each case the number represents the dose 

of glucagon in mg. per kg. of body weight. 
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Effect of dose of insulin 


As a patient progresses through a series of in- 
sulin comas there is a wide variation in the dose 
of insulin required to produce a coma of equiva- 
lent depth. In terminating insulin comas with 
glucagon it became clinically evident that the ef- 
fectiveness of a given dose of glucagon did not 
depend on the dose of insulin but rather on the 
degree to which that dose had been effective in 
producing coma. 

Figure 1 records the blood sugar responses in 
the same patient on two occasions. Each time the 
dose of glucagon was 0.05 mg. per kg. of body 
weight administered intravenously. The patient 
was in third stage coma in both instances. Curve 
A was obtained early in the course of therapy 
when 2000 units of insulin was administered. 
Curve B was obtained later when 850 units of in- 
sulin was administered. The blood sugar rise 
with identical doses of glucagon is comparable in 
the two cases despite the great difference in the 
dose of insulin. 


Effect of dose of glucagon 


Five patients were selected as having had a 
sufficient variation in the glucagon dose for com- 
parison. In these patients there was a total of 35 
curves obtained where the glucagon had been ad- 
ministered intravenously. Whereas very small 
doses of glucagon would terminate comas success- 
fully, larger doses evoked a greater and more 
sustained blood sugar response. This was true for 
each of the 5 patients. Figure 2 is summary of 
all 35 curves in 5 patients with similar doses av- 


eraged. One notes the clear relationship between 
the dose of glucagon and the amplitude and dura- 
tion of the response. 


Effect of route of administration 


There was a consistently greater rise in the 
blood sugar following the administration of an 
intravenous dose of glucagon during the course of 
coma than the rise obtained following an intra- 
muscular dose. The difference in comparable 
situations was usually evident in the results five 
minutes after the administration of the drug. The 
duration of action did not appear to be different 
as a result of a different route of administration. 


Multiple doses of glucagon 


Figure 3 records the blood sugar response to 
0.05 mg. of glucagon per kg. of body weight ad- 
ministered intravenously at 0, 20, and 42 minutes. 
In each case the repeated dose evoked a response, 
as evidenced by the prolongation of the rise in the 
blood sugar beyond the point that was obtained in 
any patient when one dose of glucagon was given. 
Another patient received two doses of glucagon at 
30-minute intervals with a similar result. 


Effect of a course of insulin coma on response to 
glucagon 


In each of the 7 patients on whom the 3 glu- 
cagon tests were performed (prior to insulin, on 
the day following the highest dose of insulin, and 


MG. PER CENT CHANGE BLOOD SUGAR 
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TIME IN MINUTES 
Fic. 3. THe REsPpoNseE To MULTIPLE DoSEs oF 
GLUCAGON 
The dose of glucagon was 0.05 mg. per kg. of body 
weight administered at 0, 20, and 42 minutes. 
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MG. PER CENT CHANGE BLOOD SUGAR 


20 40 +60 
TIME IN MINUTES 
Fic. 4. THe Averace CHANGE IN THE RESPONSE TO 
GLUCAGON DURING THE CourRSE OF INSULIN CoMaA THER- 
APY IN SEVEN PATIENTS 


The dose of insulin for each curve was 0.01 mg. per 
kg. of body weight. No insulin was administered on the 
day of the test. A—The day prior to the institution of 
insulin therapy. B—The day following the maximal dose 
of insulin. C—-The day following the last insulin treat- 
ment. 


on the day following the last insulin treatment), 
it was noted that the maximal rise was greatest 
in the curve obtained at the termination of the 
course of insulin treatments. These results are 
illustrated in Figure 4 which represents the aver- 
age of these curves for the seven patients. For the 
differences in the level attained before insulin and 
following the completion of therapy P = < 0.02 
at the 30 and 45-ininute intervals. The findings 
are taken to be suggestive of increased response to 
glucagon developing during the course of insulin 
coma therapy. 


A comparison between the blood sugar response to 
glucagon in a fasting state and in insulin coma 


There were 5 patients who had glucagon ad- 
ministered prior to the onset of insulin coma ther- 
apy with suitable blood sampling and who had a 
large enough number of comas terminated with 
glucagon with sufficient variation in glucagon dos- 
age to form an adequate basis for comparison. A 
total of 35 intravenous terminations of coma ac- 


companied by blood sampling was performed on 
this group. All of the tests before insulin therapy 
were performed with 0.01 mg. of glucagon per kg. 
of body weight. 

None of the patients achieved a comparable rise 
in blood sugar following the administration of glu- 
cagon in insulin coma when the dose of glucagon 
was the same as was employed for the tests before 
insulin. One patient achieved a greater rise in 
blood sugar following termination on 7 occasions 
when the dose of glucagon was between 0.05 and 
0.1 mg. per kg. of body weight. However, this 
patient had the unusually low maximal rise of 26 
mg. per cent on his test prior to insulin coma ther- 
apy. The other 4 patients failed to produce as 
great a rise in the blood sugar in the termination 
of insulin coma on 26 occasions as they did on the 
previous test. The glucagon dosage varied from 
0.003 to 0.1 mg. per kg. of body weight, each pa- 
tient having received the dose of 0.1 mg. per kg. of 
body weight on at least 1 occasion. 

One of these 4 patients received a dose of 0.2 
mg. per kg. of body weight on 1 occasion. The 
rise in blood sugar following the termination of 
insulin coma with this dose was greater than that 
obtained on the test performed prior to insulin 


8 


0.2 MG.PER KG. 
BODY WEIGHT 


MG. PER CENT CHANGE BLOOD SUGAR 


TIME IN MINUTES 


Fic. 5. A CoMPARISON OF THE RESPONSE TO VARYING 
Doses oF GLUCAGON WHILE IN INSULIN COMA WITH 
TuHat OBTAINED PRIOR TO THE INSTITUTION OF INSULIN 
THERAPY 

All curves represent the responses of one patient. 
The heavy line is the result of the tolerance test per- 
formed prior to the institution of insulin therapy. The 
other curves were obtained from studies performed while 
the patient was in insulin coma. The numbers represent 
the dose of glucagon in mg. per kg. of body weight. 


7 
\ 
so, ff / 
\ 
! 
\ 
Ton, 
= 
0.05 MG. 
7. 0.01 MG. 
= 
10 20 3% 40 50° 60 
— 


78 JEROME L. SCHULMAN AND STANLEY E, GREBEN 


therapy. Figure 5 demonstrates the rise achieved 
with each dose of glucagon in the termination of 
insulin coma in this patient as well as the results 
of the test performed prior to insulin coma therapy. 


DISCUSSION 


The fact that glucagon is capable of causing a 
rise in the blood sugar following the administra- 
tion of moderate doses of insulin is well docu- 
mented. The demonstration that glucagon is ca- 
pable of raising the blood sugar following the 
massive insulin doses employed in this study is a 
tribute to its extraordinary physiological potency. 
In a sense this is not surprising for there is no 
known direct antagonism between insulin and 
glucagon. The localization of the main if not the 
sole action of glucagon at the site of liver phos- 
phorylase (9) where insulin has no direct effect 
would seem to indicate that glucagon would con- 
tinue to pour glucose into the blood stream inde- 
pendent of the action of insulin. 

However, once the glucose is liberated into the 
blood stream the glucagon no longer has any in- 
fluence over it and the actions of insulin would 
tend to remove it. Since the glucose is being re- 
moved from the blood stream at a rapid rate, the 
level of blood glucose is not a good index of the 
amount of glucose being liberated from the liver 
through the action of glucagon. The level of glu- 
cose in the blood is a reflection of the relative 
efficacy of those substances which tend to raise 
the blood sugar and those which tend to lower it. 
The interrelation of other substances, particularly 
those elaborated by the pituitary and adrenal 
glands, is not clear. However, one would expect 
that the effects of these hormones are manifesting 
themselves prior to the introduction of glucagon. 

From the foregoing, one would conclude that 
the amount of glucose liberated into the blood- 
stream following a dose of glucagon would be at 
least as high during insulin hypoglycemia as when 
administered without insulin, even though this 
would not be reflected in the blood sugar levels. 
Theoretically this concept would appear to be 
sound. Some of our data would make one ques- 
tion this simple explanation of the relative actions 
of glucagon and insulin. There is agreement that 
a relatively small dose of glucagon will cause a 
maximal rise in blood sugar and further increases 


in dosage will have no additional effect (3, 4, 10). 
In preliminary studies on patients not receiving 
insulin we have found that this dose is definitely 
less than 0.01 mg. per kg. of body weight. In the 
presence of insulin hypoglycemia an increased dose 
of glucagon caused an increased response in the 
blood sugar over the entire range studied. This 
was true up to a dose of glucagon of 0.2 mg. per 
kg. of body weight, 20 times the dose mentioned 
above. It is difficult to understand why insulin 
should alter this relationship. It is likely that 
increased liver glycogen and low blood sugar 
would tend to increase the amount of glucose 
liberated, but it is difficult to see how these factors 
could change the amount of glucagon necessary to 
produce maximal activation of the phosphorylase 
mechanism. One would tend to believe that there 
are additional facts which have a rather important 
bearing on this situation, but which are not as yet 
available. 

Further evidence that the dose of glucagon nec- 
essary to produce a maximal response increases as 
a result of the effect of insulin is provided by the 
result of the administration of multiple doses of 
glucagon. Staub and Behrens (4) have shown 
in cats that a second dose of glucagon, adminis- 
tered after 25 minutes, had an effect if the first 
dose had not produced maximal stimulation. If 
the first dose was sufficient to produce maximal 
stimulation there was no response to the second 
dose. We have noted an appreciable response to 
the second dose even though the first dose was 
0.05 mg. per kg. of body weight. Without insulin 
this dose would have been more than sufficient to 
produce a maximal response. 

The response of the blood sugar to a given dose 
of glucagon was definitely less during the course 
of insulin hypoglycemia than prior to the adminis- 
tration of insulin. This is most likely due not to 
a decrease of the amount of glucose liberated from 
the liver but rather to its rapid removal from the 
blood stream. In spite of this our data leave open 
the theoretical possibility that if sufficient glucagon 
were given the response would have been even 
greater during insulin hypoglycemia. This actu- 
ally occurred in the 1 patient who had a dose of 0.2 
mg. of glucagon per kg. of body weight. 

It is clear that the response to an intravenous 
dose of glucagon is greater than that to an intra- 
muscular dose. This is manifested mainly by the 
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difference in the maximal rise but also by the 
rapidity of the rise. On clinical grounds the sub- 
cutaneous route seems to be considerably poorer 
than either of the other routes. 

It is difficult to evaluate fully the difference in 
response between patients because of the number 
of variables involved and particularly because of 
the problems involved in adopting standards for 
estimation of the coma. However, the range of 
variation does not appear to be striking in com- 
parison with the range of response with other 
carbohydrate tolerance tests and with the range 
of response to glucagon in patients not receiving 
insulin. 

The change in sensitivity to glucagon during the 
course of insulin comas also is difficult to evaluate. 
The weight of these patients tended to increase as 
a result of the insulin therapy, and the dose of glu- 
cagon was administered on the basis of body 
weight. However, it is not believed that the in- 
crease in the dose of glucagon explains the dif- 
ference, as all of the doses probably produced a 
maximal response. Neither is the difference due 
to the fact that the last test was performed on the 
day after the patient received insulin therapy, since 
there was a difference between the results of tests 
performed at the time of the highest insulin dose 
and those performed at the end of therapy. The 
highest dose of insulin is almost invariably given 
very early in therapy. Root (11) has reported an 
increase in sensitivity to glucagon in rats upon 
chronic administration. During the course of in- 
sulin coma one would expect that the body is pro- 
ducing more glucagon than normally. Perhaps 
one might view this as a chronic administration of 
large doses of glucagon and conclude that the in- 
creased sensitivity is analogous to the increased 
sensitivity obtained by Root. The exogenous glu- 
cagon administered in the termination of insulin 
comas may also have played a role, although this 
phenomenon also occurred in patients who had 
very few glucagon terminations. The increased 
sensitivity may well be due to increased liver gly- 
cogen stores produced by the insulin. 

One is struck with the apparent innocuousness of 
the glucagon. At no time did any noxious reac- 
tion occur which could be attributed to the glu- 
cagon. 

It would appear that glucagon is a satisfactory 
drug for the routine termination of insulin comas 
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when given intravenously. Further study is in- 
dicated to see whether the intramuscular route 
will be satisfactory. The addition of a hyaluroni- 
dase preparation may well make this feasible. 
There are several advantages to the use of glucagon 
for this purpose. One is the decreased volume of 
injection and decreased viscosity as compared with 
glucose for intravenous administration, Another 
advantage is the absence of local reactions, such 
as thrombosis, at the site of injection. When com- 
pared with termination by tube feeding it is less 
time consuming, technically easier, faster, appears 
to have a decreased incidence of gastro-intestinal 
disturbances and decreases the danger of aspira- 
tion of gastric contents. One other possible ad- 
vantage which has yet to be demonstrated is that 
of decreased weight gain during the course of in- 
sulin coma therapy, for excessive weight increase 
occurs in some patients. Since we are employing 
the patient’s own glucose to terminate the coma 
this may prove to be true. A much larger series 
will have to be accumulated to substantiate this 
possibility. 

One disadvantage in the use of glucagon in the 
routine termination of insulin coma is the neces- 
sity that the patient take food by mouth shortly 
after awakening to prevent his lapsing back into 
coma. This is also true, however, when intra- 
venous glucose is used for termination. The 
awakening is not as rapid after glucagon as it is 
after intravenous glucose where the patient awak- 
ens within a few minutes, a fact which may pos- 
sibly be advantageous (12). 


SUMMARY 


1. Glucagon has been administered on 141 oc- 
casions to patients in insulin coma. 

2. Within the dosage limits explored the greater 
the dose of glucagon the greater was the resultant 
rise in blood sugar. This was true with doses of 
glucagon that markedly exceeded the dose that 
would ordinarily be expected to produce a maxi- 
mal response. 

3. The intravenous route was found to be su- 
perior to the intramuscular route of administra- 
tion. The subcutaneous route was much poorer 
than either of the other routes. 

4. Responsiveness to glucagon increased during 
the course of insulin coma therapy. 
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5. Glucagon was usually successful in terminat- 
ing insulin coma and it is suggested that glucagon 
has some advantages as a means of routine termi- 
nation of insulin coma and that a further clinical 
trial is warranted. 
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WEIGHT GAIN FROM SIMPLE OVEREATING. 
AND BLOOD VOLUME* 


By JOSEPH T. ANDERSON, ADRIAN LAWLER, anp ANCEL KEYS 


II. SERUM LIPIDS 


(From the Laboratory of Physiological Hygiene, University of Minnesota, Minneapolis, and 


Many questions about the processes and events 
in the reduction of obesity in man are still obscure 
or even unexplored, in spite of a very large num- 
ber of clinical and experimental studies. The re- 
verse situation, the production of obesity in man, 
has had practically no detailed attention except for 
scattered clinical observations in rare pathological 
states. That obesity develops whenever a positive 
calorie balance is maintained over a long period 
of time, is axiomatic but not very informative. 

Positive calorie balance may, of course, reflect 
increased calorie intake, decreased output, or both, 
and the details of metabolism and physiological 
adjustments are not necessarily the same in these 
several conditions. It would be expected, in fact, 
that the effects of a sharp reduction in physical 
activity without change in the diet must be quite 
different from those of increased diet and no al- 
teration in activity. In the “natural” (spontane- 
ous) development of obesity in organically healthy 
man which is so common in our modern society, 
alterations both in calorie intake and output are 
probably involved and, in addition, the character 
of the diet is often changed. What factors, then, 
are responsible for the various morphological, bio- 
chemical, and physiological differences between 
the person before and after the development of 
obesity ? 

Animal experiments on these questions are use- 
ful, of course, but the relationships in the produc- 
tion of obesity in the rat or other laboratory ani- 
mals are not quantitatively transferable to the hu- 
man situation. We have elected to begin the study 
of these questions in man by the experimental pro- 
duction of obesity by simple overfeeding without 
substantial change in physical activity, using for 
this purpose a diet in which the calorie increase 
is provided one-third by fat and two-thirds by 
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carbohydrate. This means, in effect, the kind of 
dietary change that results when there is no change 
in the diet except for more liberal use of bread and 
potatoes, together with such fat as is ordinarily 
eaten with these. The proportion of fat in the 
diet is thereby not increased and actually is some- 
what reduced. This is important because we know 
that increasing the proportion of fat in the diet will 
of itself elevate the blood cholesterol concentration, 
and one of our main concerns was to separate 
the effects of fattening and the total calorie intake 
from the effects of increasing the participation of 
dietary fat in the total metabolism. Following an 
initial standardization period of six weeks, over- 
feeding of 20 men under controlled conditions for 
20 weeks resulted in an average body weight gain 
of 10.6 kg. (23 lbs.), and gains of 19.7 to 22.2 kg. 
(43 to 49 Ibs.) in the four men who were most 
successfully persuaded to eat more than their pre- 
vious wont. The character of the tissue gained 
has been reported by Keys, Anderson, and Brozek 
(1). The present paper reports the findings on 
the serum lipid concentrations, the blood volume, 
and the total circulating lipids. 


METHODS 


Subjects. The subjects were 20 schizophrenic men pa- 
tients, aged 33 to 45, of the Hastings State Hospital who 
appeared to be free from metabolic peculiarities (1). 
Some of their relevant characteristics are summarized in 
Table I. They were of average to moderately tall stature 
(5 feet 5 inches to 6 feet 3 inches, average 5 feet 10 
inches) and were not remarkable in their initial condi- 
tion relative to fatness though they tended to be a little 
thin. In terms of relative body weight, according to the 
age and height standards customarily used in the United 
States, Medico Actuarial, 1912 (2), they averaged 90 
per cent (range 73 per cent to 113 per cent). 

The diet. During the preliminary standardization pe- 
riod (of six weeks), the food consumption of each man 
was measured and adjusted in an effort to keep weight 
constant and to discover the individual balance points. 
The diet was primarily the regular hospital diet, with 
some alterations to make for simplicity of manipulation 
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and quantitative measurement. The diets which most 
closely approximated calorie equilibrium in the 20 indi- 
viduals averaged 2800 calories and contained 125 gm. 
of protein, 305 gm. of carbohydrate and 120 gm. of total 
fats, 39 per cent of the calories coming from the latter 
source. The diet was fully adequate in vitamins and 
minerals. 

For the period of experimental overfeeding this basic 
diet was supplemented by larger offerings with encourage- 
ment to eat more at the regular meals, and by providing 
between-meal snacks. The supplementary food consump- 
tion averaged 108 gm. of carbohydrate and 22 gm. of fat. 
The mean protein consumption was the same as in the 
pre-fattening period although individual subjects made 
changes in both directions. Food was given in meas- 
ured portions and all rejections were weighed. Samples 
of the pooled basic diet and of the supplements were 
analyzed. 

Methods. Blood studies were made on two occasions 
in the last 3 weeks of the preliminary standardization pe- 
riod and at five-week intervals during overfeeding. The 
final tests were made at 21 and 23 weeks. All bloods 
were drawn at rest in the post-prandial state. Hemato- 
crit measurement and serum separation were carried out 
at once and the other analyses started within a few hours, 
the serum remaining under refrigeration meanwhile. All 
analyses were done in duplicate. 

Serum cholesterol was measured with the Liebermann- 


Burchard reaction applied to the Bloor extract (3). 
Four fresh cholesterol standards were included in each 
batch of samples and readings were made on the Evelyn 
photoelectric colorimeter (660 millimicron filter) at the 
time of maximum color development at 25° C. This 
method has more recently been replaced by a slightly 
modified form (4) of the method of Abell, Levy, Brodie, 
and Kendall (5) which involves saponification prior to 
the eventual estimation with the Liebermann-Burchard 
reagent. The latter values can be predicted from the 
former by multiplication by the factor 0.836 (6). 

Plasma volume was determined by dilution of Evans 
Blue dye (T-1824) using essentially the method of Gib- 
son and Evelyn (7). The solution injected contained 
approximately 15 mg. of Evans Blue, 500 mg. NaSCN 
and 1 gram antipyrine in 20 ml. isotonic saline. Plasma 
volume was computed from heparinized plasma samples 
taken at 20, 30, and 40 min. Hematocrit determinations 
were done by centrifuging the heparinized blood in Win- 
trobe tubes for 1 hour at 800 times gravity. 

The Sr 12-20 lipoproteins of serum are those com- 
ponents which when suspended in a medium of 1.063 
specific gravity and subjected to the intense gravitational 
field of the ultracentrifuge undergo flotation at rates be- 
tween 12 and 20 Svedberg units. The determination of 
these fractions was done in the Spinco model E ultra- 
centrifuge using techniques described by Gofman and his 
associates (8-10), as modified by the Committee on 


TABLE I 
Pre-fattening characteristics of the subjects and body weights during overeating 
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t As percentage of the average for equal height and age in the standard Medico-Actuarial tables. 
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tee Er 34 101 71.9 75.8 84.4 87.7 94.2 
ee Lo 38 99 68.2 71.4 78.5 82.2 89.2 
ee Pro 45 113 90.2 93.4 98.5 104.5 111.1 
ee He 35 89 67.8 72.3 77.4 81.2 87.5 
oe Sa 39 86 75.7 80.8 85.5 88.2 93.5 
te Be 35 91 67 79 
te Br 41 86 76 
Fo 39 101 79 . 
i. Pu 34 90 86 
Be Do 42 90 
An 41 75 
ka Hu 40 73 
ae Su 33 109 
Hi 45 85 
To 44 98 
Pra 41 74 
vs Ma 43 80 
- Dr 44 77 59.5 
44 Mu 33 99 75.2 
No. 20 20 20 19 20 20 | 
i Mean 39.0 90.1 68.4 71.0 74.6 78.9 
S.D.t +4.3 +11.3 +9.9 +10.7 +11.4 +13.9 
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TABLE II 
Serum lipids and blood characteristics 


Serum cholesterol 
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Plasma volume 


19 2 
228.5 248.8 252.6 251.2 


S.D.+ 33.2 40.8 51.1 489 56.7 


é 


in 
PARASHR 
Os 


ADHD Ge Go Git 


Es 


on 


* Mean of two determinations. 
¢ Standard deviation. 


Lipoproteins and Atherosclerosis, National Advisory 
Heart Council. 

In this laboratory the area measured on the ultra- 
centrifugal pattern for determining the S-* 12-20 concen- 
tration is bounded by lines drawn at exactly the positions 
where peaks for Sr 12 and Se 20 particles would fall. In 
some laboratories the area is measured between Sr 11 and 
St 21 lines. Such a method would give higher concen- 
trations of S- 12-20 fraction than we have reported. 
Duplicate determinations of Sr 12-20 lipoprotein fraction 
in each of 10 serum samples gave a coefficient of reli- 
ability of 0.75 with a standard error of measurement of 
6.8 mg. per 100 ml. Twenty men were tested twice 
within two weeks for S¢ 12-20 lipoprotein and a coeffi- 
cient of reliability of 0.62 was found with a standard er- 
ror of measurement of 7.7 mg. per 100 ml. 


RESULTS 


The attempt to persuade the subjects to overeat 
met with great success in some cases and with little 
response in others. The elicited increases in calo- 
rie intake ranged from 39 per cent to 8 per cent. 
The mean calorie intakes (+ standard deviation) 
in the last 4 weeks of the preliminary period and 
in the overfeeding period were 2800 (+ 340) and 
3430 (+ 490) calories, respectively. The effects 
of 20 weeks of this dietary regimen on serum 


cholesterol, S¢ 12-20 lipoprotein, plasma volume 
and hematocrit are presented in Table II. 

The changes in body weight caused by overnu- 
trition are given in Table I. The greatest gain in 
body weight was 22.2 kg. in 20 weeks and 8 men 
gained more than 13 kg. each. In Table III the 
mean responses of these 8 men to the overnutri- 
tion regimen are compared with the mean re- 
sponses of the group of 9 men who gained least. 
For most of the men the calorie intake was prac- 
tically constant from week to week in the over- 
nutrition period and the rate of weight gain was 
quite uniform throughout the 20 weeks. 

The men who gained most weight increased on 
the average about 40 mg. per 100 ml. in serum cho- 
lesterol concentration during the first 10 weeks of 
overnutrition (25 mg. in the first 5 weeks). Dur- 
ing the last 10 weeks these men continued to over- 
eat and to gain weight at nearly the same rate but 
no further change in cholesterol concentration oc- 
curred. The men who gained least weight had 
only a small average increase in serum cholesterol 
concentration which is not statistically significant. 
The calculated quantities of total circulating se- 
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Hematocrit 
(mg. per 100 ml.) (mg. per 100 ml.) (liters) (%) x 
5 10 15 20 : 
Subject Start wks. wks. wks. wks.* whe. Start* wie oan 
Er 205 252 249 225 225 32 66 
Lo 273 293 384 370 376 46 90 : 
Pro 273 «297 «288 «330 «86373 
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Sa 248 #259 256 258 244 21 72 et 
Be 191 220 234 226 188 24 38 iB 
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Pu 192. 220 233. . 215. 206 15 37 
Do 221 254 226 259 226 3 e 
An 197 207 202 203 216 17 i 
Hu 181 190 208 209 226 29 57 3 
Su 202 218 204 228 230 14 59 a 
Hi 272 «#292 «4312 306 322 18 24 
To 223. 238 . 219  223.. 218 13 33 
Pra 227 274 +250 246 248 18 : 
We 193 186 204 190 193 58 a 
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Dr 231° (278° 222 18 
Mu 227 186 226 200 31 16 ie 
No. 20 13 18 2 : 
21.6 40.7 2: 
| 11.03 21.72 0. 
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TABLE III 
The responses of two groups of men to attempted 
overfeeding for 20 weeks * 
High gain Low gain 
group group 
(8 men) (9 men) 
Body weight (kg.) 
At start 72.1 66.3 
Gain in first half 9.9 + 0.6 3.5404 
Gain in last half 8.1 + 1.0 0.8 + 0.5 
Serum cholesterol concen- 
tration (mg./100 ml.) 
At start 241 226 
Gain in first half 40+ 11 13+9 
Gain in last half —-3+13 3425 
Total circulating serum 
cholesterol (grams) 
At start 7.23 6.50 
Gain in first half 1.45 + 0.64 0.71 + 0.35 
Gain in last half 0.04 + 0.75 0.12 + 0.34 
Plasma volume (ml.) 
At start 2976 2885 
Gain in first half 111 + 133 159 + 79 
Gain in last half 22 + 139 —3+ 98 
Blood volume (ml.) 
At start 5405 5267 
Gain in first half 454 + 241 456 + 161 
Gain in last half —90 + 199 41+ 201 


* The “high gain group” includes the 8 men who gained 
between 13 and 22 kg., the ‘“‘low gain group” includes the 
9 men who gained between 2 and 6 kg. 
standard errors (+). 


Mean values and 


rum cholesterol (mean + standard deviation) for 
all 20 men were 6.72 + 1.42, 7.74+ 1.74, and 
7.76 + 2.34 gm. at the start, 10 weeks, and 20 
weeks, respectively. 

The concentration of the S; 12-20 lipoproteins 
in the serum increased from the tenth to the twenti- 
eth week of overeating in all but one of the 12 men 
for whom these measurements are available on 
both occasions. The mean change was a rise of 
22.0 mg. per 100 ml., and this is significant with 
a probability for chance occurrence of 0.002, the 
t value being 3.97. During this period the serum 
total cholesterol values for these same 12 men fell 
by an average of 5.4 mg. per 100 ml., which is 
statistically insignificant. There was no corre- 
lation between the changes in S- 12-20 and those 
in cholesterol in this interval, the coefficient of cor- 
relation being r = 0.047. We have no explanation 
for this finding. 

The gain in body weight was accompanied by 
some tendency to increase in the plasma and whole 
blood volume. The individual values of plasma 
volume and hematocrit are listed in Table II. The 
mean plasma volume increased by 0.13 liters in the 
first 10 weeks (P = 0.05) and remained constant 
thereafter. The mean hematocrit increased in the 
first 10 weeks and subsequently decreased by a 
smaller amount so that it ended above the starting 
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SERUM LIPIDS AND ii VOLUME IN OVERNUTRITION 


TABLE IV 


Regression of serum cholesterol elevation above the initial level on rate of body weight gain (equation passing 
through the origin) in men while overeating 


10 20 


5 
Weeks Weeks Weeks 


1. Number of subjects 


. Weight gain rate in 5 preceding weeks 
Mean (gm./ 


Standard deviation (gm./day) +47 


. Serum cholesterol elevation above 
initial level 
Mean 


19 


20 


69 
+85 


8.8% : 9.8% 


Standard deviation +8.0% +10.4% 3 +12.6% 


. Regression coefficient of item 3 on item 2, 
equation passing through the origin 


0.085 0.111 : 0.104 


Standard error +0.021 +0.017 L +0.024 


value. All of these differences were statistically 
significant. Blood volume computed from plasma 
volume and hematocrit increased significantly in 
the first half of the experiment and thereafter de- 
creased by a small amount which was not statisti- 
cally significant. The mean values of blood vol- 
ume (+ standard deviations) for the 20 men were 
5.32 + 0.63, 5.79 + 0.54, and 5.68 + 0.87 at the 
start, middle and end, respectively. Plasma vol- 
ume, blood volume and hematocrit mean values 
were all significantly higher at all times during the 
weight gaining process than at the start. 

The increase in plasma and blood volumes oc- 
curred equally in the high-gain and low-gain 
groups (Table III). These changes in the sub- 
groups do not reach statistical significance chiefly 
because the number of men in each group is small. 
The net conclusion of the experiment with respect 
to plasma and erythrocytes is an indication that 
overeating caused an increase in both but no evi- 
dence that the largest blood increases were associ- 
ated with the largest body weight gains. 

Since all the men were urged to eat as much as 
possible and each man chose his own rate of eating 
we do not have two well-defined groups of “gain- 
ers” and “non-gainers” but rather a continuous 
series extending from the man who gained least, 
2.5 kg., to the man who gained most, 22.2 kg. 
Data of this type are not well suited to analysis by 
grouping and are better treated by correlation 
methods. 

The relationship between increase in serum cho- 
lesterol concentration in 20 weeks and increase in 
rate of eating is presented in Figure 1. There is 


a marked tendency for the men who increased 
their calorie intake most to experience the great- 
est rise in serum cholesterol. The slope of the re- 
gression line indicates that a 1 per cent increase in 
calorie intake continued for 20 weeks resulted in 
an average increase of 2 mg. per 100 ml. in serum 
cholesterol concentration (standard error 0.6 mg.). 
The correlation coefficient between these variables 
is 0.70 and the probability that this correlation 
could have arisen due to chance alone is 0.003. 
In many practical situations information is avail- 
able concerning body weight changes but nothing 
is known about food consumption. The question 
may be raised whether an observed gain in body 
weight can be used to predict an increase in serum 
cholesterol. Table IV shows the relationship be- 
tween body weight gain, expressed as rate of gain 
during the preceding 5 weeks, and serum choles- 
terol concentration expressed as percentage in- 
crease above the initial value. The restriction is 
imposed that the regression lines should pass 
through the origin because constant body weight 
must theoretically correspond to constant serum 
cholesterol concentration under the conditions of 
this experiment. On each occasion of cholesterol 
determination during overfeeding there was a sig- 
nificant positive regression between the hyper- 
cholesterolemia and the rate of body weight gain. 
Each regression coefficient is the percentage ele- 
vation of serum cholesterol above the steady-state 
level corresponding to 1 gram body weight gain 
per day. The value was significantly greater than 
zero at each observation during the overeating 
period. It is inferred that a rise in serum choles- 
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terol appeared promptly with overeating, the in- 
crease being roughly proportional to the rate of 
weight gain. But as overeating and gaining weight 
continued, the serum cholesterol concentration did 
not tend to change further. 

Since determinations of serum S, 12-20 lipo- 
proteins were made only at the middle and end 
of the overnutrition period, the change in S- 12-20 
lipoproteins in the last ten weeks was tested for 
correlation with increase in calorie intake and with 
gain in body weight. No significant correlation 
was found in either case. During this latter half 
of the overnutrition period serum cholesterol in- 
crease between periods was likewise unrelated to 
the degree of overeating or weight gain. 

The correlation analysis described attempted to 
answer the question—what change do overeating 
and the maintenance of a positive calorie balance 
produce in serum cholesterol and S-¢ 12-20 lipo- 
protein concentrations? It is also pertinent to ask 
—is there a tendency for men who are overweight 
to have unusually high concentrations of serum 
cholesterol or S¢ 12-20 lipoproteins ? 

Among middle-aged men examined by the 
Laboratory of Physiological Hygiene, 162 main- 
tained constant relative body weight within 5 per 
cent for 4 years. In this group of men who varied 
widely in relative obesity but all of whom were 
close to calorie equilibrium, there was no correla- 
tion between serum cholesterol concentration and 
relative body weight (correlation coefficient = 
0.02, total number of tests = 648). The over- 
weight men had no higher serum cholesterol con- 
centration than the underweight men. In the men 
who were overeating and in positive calorie bal- 
ance, the relationship was different. Using 79 
tests on 20 men during the period of overfeeding, 
the coefficient of correlation was 0.35 between se- 
rum cholesterol concentration and relative body 
weight. This value is small but it is statistically 
significant (P = 0.004). Among these men the 
most overweight individuals tended to have the 
highest serum cholesterol concentrations. 

Serum S,; 12-20 lipoprotein was similar to se- 
rum cholesterol in relation to relative weight. In 
the men who were overeating, 31 tests on 19 men 
gave a coefficient of correlation of 0.40 between 
Ss 12-20 lipoprotein and relative body weight. 
Although the coefficient is higher, the probability 
judgment is less decisive in this case (P = 0.025) 


because the number of tests was smaller. Like 
serum cholesterol, the S; 12-20 fraction showed 
no correlation with relative weight in the men who 
were stable in body weight, 73 tests on 72 men re- 
sulted in a correlation coefficient of 0.08. 

After the overfeeding experiment was finished 
the men were allowed to eat as they pleased with- 
out any guidance. Eighteen months later 19 of the 
20 men were again observed. Seven men had lost 
more than 10 kg. since the end of overfeeding and 
6 of these were among the 9 men who had gained 
over 10 kg. in the experiment. They showed an 
average fall of 20 mg. of cholesterol and 40 mg. of 
S; 12-20 lipoprotein per 100 ml. of serum (ranges 
— 57 to — 8 and — 82 to — 10, respectively) from 
their values at the end of the overfeeding period. 
Eleven of the former subjects showed smaller 
weight changes since the overfeeding period, and 
this group included 7 of the 9 men who had gained 
least in the experiment. Their serum cholesterol 
and S- 12-20 concentrations showed a statistically 
insignificant tendency to rise slightly (averages of 
+15 and + 10 mg. per cent, respectively) from 
their values at the end of the experiment. 


DISCUSSION 


What caused the observed significant increases 
in serum cholesterol? It has been repeatedly ob- 
served that, in calorie equilibrium, a major change 
in the proportion of calories provided as mixed 
food fats tends to produce corresponding changes 
in the concentration of cholesterol and of S- 12-20 
lipoprotein in the serum (9, 11-13). 

In the present experiment the proportion of 
calories provided by fats was slightly decreased 
during the overfeeding (37 per cent versus 39 
per cent), so the present observations might seem 
discordant with these other findings. However, 
it will be observed that the absolute amount of 
fat consumed was increased by an average of 22 
gm. per day and such a change in fat consumption 
under conditions of calorie equilibrium may be 
expected to produce a rise in serum cholesterol 
concentration (14, 15). 

Consideration of these facts might suggest that 
the serum cholesterol level tends to reflect the total 
fat ingestion, probably because cholesterol is a 
necessary part of the lipoprotein fat-transport 
system in the blood. In calorie equilibrium this 
load of fat metabolism is directly related to the 
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proportion of the total calories consumed as fats 
but in positive calorie balance the absolute fat in- 
take may be a better measure of the fat metabo- 
lism load. But this explanation, without further 
elaboration, fails to account for the fact that men 
who are physically active tend, in comparison with 
less active men in the same population, to have an 
elevated absolute fat intake but not elevated blood 
cholesterol values (16). Moreover, when young 
men greatly increase their energy expenditure by 
exercise and maintain calorie equilibrium by in- 
creasing the diet, the serum cholesterol does not 
rise in spite of a considerable increase in fat con- 
sumption (17). 

However, allowance must be made for the fact 
that when the total rate of energy metabolism is 
increased, there is normally a parallel increase in 
the circulatory rate so that the rate of fat transport 
will be increased even though there is no rise in 
concentration of the fat, or lipoprotein, in the 
blood. Accordingly, it would seem that all of the 
present data are in harmony with the concept 
that, other things being equal, the serum choles- 
terol concentration is determined by the fat trans- 
port load per unit of circulation imposed on the 
blood. At calorie equilibrium this is determined by 
the proportion of the calories presented as fats and 
this relationship is not altered by increasing the 
energy level of intake if calorie equilibrium is 
maintained by increased exercise which normally 
also involves a proportionate increase in circula- 
tory rate. In positive calorie balance, the fat 
transport load is obviously increased, even if the 
character of the diet is constant. Indeed, if fat 
storage is taking place, that portion of the fat syn- 
thesized from carbohydrate in the liver also adds 
to the transport load so we might expect some 
serum cholesterol rise even on a reduced fat diet 
during the active phase of gainiag weight. But, 
if the calorie excess and the weight gain steadily 
continue, there is no further increase in the fat 
transport load and the serum cholesterol should 
remain constant at its newly raised level. Finally, 
if calorie equilibrium is now achieved and obesity 
is steady, the serum cholesterol should be ex- 
pected to approximate that characteristically as- 
sociated with the proportion of fat in the diet at 
calorie equilibrium regardless of whether this 
equilibrium means steady obesity, steady “nor- 
mality,” or steady leanness. 


The fat-transport of relevance would seem to 
be that from intestine to liver and from liver to 
fat depots. These avenues are active in overnu- 
trition and in high fat ingestion and are inactive 
in undernutrition and on a low-fat or fat-free regi- 
ment. The transport of fat from the depots to the 
liver and of fat metabolites from the liver to the 
muscles for burning is less obviously related to 
serum cholesterol. In undernutrition the serum 
cholesterol level usually falls though much fat is 
being transported away from the adipose depots. 

The increase of Se 12-20 lipoprotein which oc- 
curred in the last half of the overfeeding period 
involved the transfer of only about one-fortieth 
of the cholesterol of the plasma from one lipopro- 
tein class to another. There is no apparent reason 
for the difference but this lipoprotein class seems 
to have exhibited a slower or longer continued 
response to the increase in food intake than the 
preponderant cholesterol-bearing fractions. 


SUMMARY 


Twenty physically healthy schizophrenic men 
increased their calorie intakes without changing 
their physical activity. The diet was substantially 
constant and fully adequate in proteins and vita- 
mins at all times, the extra calories being provided 
by adding carbohydrates and a small amount 
(about one-third of the extra calories) of mixed 
fats to the standard diet. Thus the total fat intake 
increased though the proportion of calories from 
fats fell slightly. Average calorie increases for 
20 weeks ranged from 8 per cent to 39 per cent 
and these produced weight gains from 2.5 to 22.2 
kg., the average gain being about 0.5 kg. per week. 

The average total serum cholesterol concentra- 
tion rose 20 mg. per 100 ml. during the first 5 
weeks of overeating and then remained substan- 
tially constant at the same elevated level during the 
next 15 weeks though weight gain continued at the 
same rate as during the first five weeks. The rise 
in serum cholesterol concentration in the various 
individuals tended to be proportional to the rate 
of weight gain. 

The concentration of the S-¢ 12-20 lipoprotein 
fraction in the serum, measured in the ultracen- 
trifuge, tended to increase from the tenth to the 
twentieth week of overeating though the total se- 
rum cholesterol remained constant. 
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Weight gain tended to be associated with in- 
crease in the circulating plasma and blood volume 
during the first weeks of overeating with no fur- 
ther change thereafter. 

A hypothesis as to the role of cholesterol in fat 
transport is presented which seems to explain: 1) 
The increase in serum cholestero! on a high fat 
diet and in overnutrition with a positive calorie 
balance; 2) The stability of the serum cholesterol 
during calorie equilibrium or in a steady state of 
continuing overnutrition; 3) The failure of serum 
cholesterol to rise when diet calories and energy 
expenditure are both increased in parallel; and 4) 
The decrease in serum cholesterol on a low fat 
diet and in negative calorie balance. 
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The passage of protein molecules across capil- 
lary walls is governed by the characteristics of 
the molecule and the membrane and appears to 
occur by a process of both filtration and diffusion. 
From a study of these processes within the iso- 
lated, perfused hind limb of the cat (2, 3) and 
from mathematical considerations and other stud- 
ies (2, 4) it has been suggested that the trans- 
capillary transport of protein and the degree of 
molecular sieving of protein molecules across 
membranes during ultrafiltration may be influ- 
enced by concentration gradients of protein be- 
tween filtrate and filtrand and by the rate of fil- 
tration of water through the capillary wall. More- 
over, it has been suggested that these processes 
may be influenced by factors which modify the 
level of hydrostatic pressure within the capillary 
(2, 5, 6). 

Within the kidney these processes have not been 
subjected to extensive study. That intraglomeru- 
lar hydrostatic pressure may modify the rate of fil- 
tration of protein molecules has been suggested by 
experiments in which renin, which presumably 
elevates intraglomerular pressure, has been shown 
to accelerate the urinary excretion of plasma pro- 
teins (7, 8) and hemoglobin (9). A change in 
pressure has also been invoked to account, at least 
in part, for the augmentation of protein clearances 
following the administration of serum albumin in- 
travenously to patients with renal disease (5). 

1 Supported by grants from the National Heart In- 
stitute, United States Public Health Service, and the 
American Heart Association and Greenwich Health As- 
sociation. 

2 The results of this study have been published in ab- 
stract form (1). 

8 Present address: Department of Medicine, University 
of Pittsburgh School of Medicine, Pittsburgh, Pennsyl- 
vania. 

4 This work was submitted to the Faculty of Medicine, 
Yale University, in partial fulfillment of requirements 
for the degree of Doctor of Medicine. 


Of molecular sieving within the kidney and of the 
influence of changes in glomerular filtration rate, 
little is known. 

In the present investigation these factors were 
examined in normal, anesthetized dogs. The rate 
of urinary excretion and renal clearance of hemo- 
globin were studied under conditions in which re- 
nal hemodynamics and glomerular filtration rate 
were modified by infusions of the adrenal medul- 
lary hormone, I-norepinephrine. 


METHOD 


A study of the effects of I-norepinephrine was made 
in 20 female mongrel dogs weighing 7 to 20 kg. All 
animals were deprived of food, but not water, for 24 
hours prior to the test. Anesthesia was induced with 
sodium pentobarbital, 30 mgm. per kg. intravenously, and 
was maintained by the administration of 100 mgm. of 
this drug at intervals throughout the study. An indwell- 
ing needle was placed in a femoral artery. Priming and 
sustaining infusions of creatinine and p-aminohippurate 
were administered intravenously for measurement of glo- 
merular filtration rate and renal plasma flow, respectively. 
Along with these substances, solutions of dog hemo- 
globin were administered intravenously in amounts sufh- 
cient to maintain a relatively constant arterial plasma 
level of hemoglobin of from 212 to 504 mgm. per cent, 
values well above the renal threshold (10). Priming 
doses consisted of from one to two grams of hemoglobin 
in 50 ml. of 5 per cent dextrose and distilled water. The 
sustaining infusion contained hemoglobin in a concentra- 
tion of from 430 to 760 mgm. per cent and was made up 
in 5 per cent dextrose and distilled water. This was ad- 
ministered at a constant rate of from 1 to 2 mgm. of 
hemoglobin per minute. 

After allowing 30 minutes for equilibration of these 
substances, the urine, collected by urethral catheter, was 
discarded and the bladder was washed out with distilled 
water and emptied by manual compression after the in- 
troduction of air to facilitate emptying. Three consecu- 
tive 10 to 20-minute control clearance periods were then 
obtained. Following this an infusion of 1-norepinephrine 
(16 wg. per ml.) was administered intravenously at a rate 
sufficient to elevate mean arterial blood pressure, meas- 
ured with a mercury manometer, 20 to 50 mm. Hg. This 
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TABLE I 
Urinary hemoglobin excretion and renal hemodynamics during the infusion of l-norepinephrine * 


B.P. HR GFR RPF Pugb UngV Cugb 
Procedure mm. Hg min, ml./min.  ml./min. mgem.%  mgm./min.  ml./min. 


Control 114 120 54 112 4 250 ; 1.22 
Infusion 165 41 76 j 305 ‘ 1.38 


Control 94 35 70 249 0.92 
Infusion 140 21 348 3 1.12 


Control 104 98 , 212 0.93 
Infusion 140 85 ‘ 223 1.87 


Control 85 48 0.91 
Infusion 115 20 0.74 


Control 110 31 
Infusion 135 39 


Control 85 27 
Infusion 130 8 


Control 95 31 
Infusion 130 26 


Control 32 
Infusion 17 


Control 24 
Infusion 13 


Control 23 
Infusion 15 


Control 90 44 
Infusion 38 


Control 23 
Infusion 12 


Control 
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* All values are averages of three determinations. L-norepinephrine was administered intravenously during infusion 
periods. Abbreviations are as follows: BP = mean arterial blood pressure; HR = heart rate, beats per minute;GFR = 
glomerular filtration rate ‘creatinine clearance); RPF = renal “ae flow (PAH clearance); FF = filtration fraction 
oa Pug» = plasma hemoglobin concentration; UagV = urinary hemoglobin excretion; Cugp = clearance of 

emoglobin ; Cugp/Cer = hemoglobin-creatinine clearance ratio. 
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at 

35 12 120 32 82 394 341 

the 160 128 19 35 553 450 

19 59 334 441 


required between 4 and 50 ug. of I-norepinephrine per min- 
ute. In most animals the amount necessary to maintain 
arterial pressure at the desired level increased progres- 
sively throughout the test. After elevation of the arterial 
pressure for approximately 15 minutes the urine was dis- 
carded and three consecutive 10 to 20-minute clearance 
periods were obtained during the pressor response to 
l-norepinephrine. In each of six animals (17, 18, 25, 33, 
34, and 35) three recovery periods were obtained immedi- 
ately following cessation of the infusion of I-norepineph- 
rine. 

Urinary and plasma concentrations of hemoglobin were 
determined by the method of Evelyn and Malloy (11). 
Creatinine concentrations in urine and plasma were as- 
sayed by the method of Bonsnes and Taussky (12) and 
PAH levels were determined by the method of Smith, 
Finkelstein, Aliminosa, Crawford, and Graber (13). He- 
moglobin-saline solutions were prepared according to the 
method of Amberson, Jacobs, Hisey, and Monke (14). 
Solutions of hemoglobin prepared in this manner were 
dialyzed against normal saline at 8°C for 48 hours. After 
filtration through a Seitz filter the solution was stored in 
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a sterile container at 8°C for periods not exceeding two 
weeks. 


RESULTS 


The results of the effects of l-norepinephrine on 
renal hemodynamics and hemoglobin excretion are 
presented in Table I and in Figures 1 to 6. An 
illustrative experiment is presented in Figure 1 
(dog 33). 


Systemic circulatory response 


During the infusion of I-norepinephrine the ar- 
terial blood pressure increased from 20 to 50 mm. 
Hg, with a mean change of 38 mm. Hg. Consid- 
erable variation was encountered in the pressor 
response to l-norepinephrine. Some animals re- 
quired as much as 50 yg. per minute to maintain 
the pressure within this range whereas others re- 
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Tue Errect or L-NorEPINEPHRINE ON RENAL FUNCTION AND URINARY HEMOGLOBIN 
Excretion (Doc 33) 


Glomerular filtration rate (Ccr-creatinine clearance), renal plasma flow (Cpan), urinary hemoglobin 


excretion (Ung»V) and mean arterial blood pressure (BP) were determined before, during and following the 
administration of I-norepinephrine. The drug was given intravenously during the time noted between the 
arrows. The urine obtained during the first 15 minutes after beginning infusion was discarded because of 
intrarenal delay. Urinary hemoglobin excretion increased in association with a rise in arterial pressure and 
plasma hemoglobin concentration (Pug, at bottom) and a fall in glomerular filtration rate and renal plasma 
flow. The filtration fraction increased. Urine flew (V) diminished. After the infusion was discontinued 
all values returned towards control levels. 
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mi/ min 
Fic. 2. Tue Errect oF L-NorEPINEPHRINE ON THE 
RENAL CLEARANCE OF HEMOGLOBIN 

The averaged values for the clearance of hemoglobin 
during the control periods are plotted against the clear- 
ances of this protein during the pressor response to 
l-norepinephrine. The cledrance of hemoglobin increased 
in 14 studies, decreased in 4, and remained unchanged in 2. 


quired as little as 4 wg. per minute. After the in- 
fusion was discontinued the blood pressure re- 
turned promptly to control levels or below. Two 


dogs (17 and 33) became hypotensive at this time 


(Table I). In most animals the cardiac rate de- 
creased 20 to 30 beats per minute during infusion 
of l-norepinephrine ; in others, a tachycardia with 
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Fic. 3. THe RELATIONSHIP BETWEEN THE CHANGES 
IN THE CLEARANCE OF HEMOGLOBIN AND THE CLEARANCE 
oF CREATININE DurRING THE PrEssoR RESPONSE TO 
L-NorEPINEPHRINE 

The ratio of the infusion to the control values of the 
clearance of hemoglobin is plotted against the changes in 
the creatinine clearance. The clearance of hemoglobin 
tended to increase during the infusion of 1-norepinephrine 
except in those instances when the reduction in the creati- 
nine clearance exceeded 50 per cent of control values. 


varying degrees of irregularity of cardiac rhythm 
was observed. 


Renal hemodynamics 


During control observations prior to the infu- 
sion of I-norepinephrine the mean renal plasma 
flow for the entire group of 20 animals was 100 
ml. per 10 kg. body weight per minute, a value 
less than that reported (15) for normal dogs under 
basal conditions—135 ml. per 10 kg. body weight 
per minute. The mean renal filtration fraction 
(GFR/RPF) was 0.43, a value higher than that 
reported (15) for normal animals — 0.32. These 
differences may be attributed to the administration 
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Fic. 4. Tue Errect oF L-NorEPINEPHRINE ON THE 
HEMOGLOBIN-CREATININE CLEARANCE RATIO 


The control values of the hemoglobin-creatinine ratios 
(Cuge/Cer) are plotted against these ratios obtained dur- 
ing the infusion of I-norepinephrine. The hemoglobin 
clearance increased relative to the creatinine clearance in 
all studies but one. 


of hemoglobin, which elicits intrarenal vasocon- 
striction (16). The mean glomerular filtration 
rate was 41 ml. per 10 kg. body weight per minute, 
a figure not significantly different from normal 
values (15). 

During infusion of I-norepinephrine renal 
plasma flow (RPF, Table I) decreased in all dogs 
but one (dog 25). The mean renal plasma flow 
at this time was 63 per cent of control values, with 
a range of 16 to 96 per cent of control levels. 
Glomerular filtration rate (GFR, Table I) dimin- 
ished more than 10 per cent in 17 dogs (range of 
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change, 11 to 70 per cent), remained unchanged 
in two (dogs 25 and 31) and increased in one (dog 
10). For the entire group the mean value of GFR 
during the infusion of l-norepinephrine was 71 per 
cent of control levels. There was no correlation 
between the magnitude of blood pressure elevation 
and the degree of change in GFR. The correlation 
between the rate of infusion of I-norepinephrine 
and the change in GFR was significant (r= — 
446; p< .05>.01). The filtration fraction 
(FF, Table I) increased in 11 dogs, decreased in 
4 and remained unchanged in 5. On cessation of 
infusion of l-norepinephrine RPF, GFR, and FF 
returned towards control values (recovery period, 
Table I). 

Urinary hemoglobin excretion (Ung,V, Table 
I, Figure 1) increased during the pressor response 
to l-norepinephrine in 17 studies, decreased in 2 
(dogs 9 and 11) and remained unchanged in one 
(dog 25). The mean excretory rate at this time 
was 166 per cent of control values with a range 
of 81 to 316 per cent. These changes in excretion 
were usually but not invariably accompanied by an 
increase in the concentration of hemoglobin in 
plasma. In 17 animals the plasma level of hemo- 
globin increased 10 to 40 per cent (mean change, 
20 per cent); in three (dogs 8, 9 and 25) the 
plasma level did not change. The rise in plasma 
concentration may be attributed to the hemocon- 
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Fic. 5. THe RELATIONSHIP BETWEEN THE CLEARANCE 
OF CREATININE AND THE HEMOGLOBIN-CREATININE CLEAR- 
ANcE RAtIo DurING THE PRESSOR RESPONSE To L-Nor- 
EPINEPHRINE 
The ratio of the infusion to the contro! values of the 
hemoglobin-creatinine clearance ratios (Cug/Ccr) is 


plotted against the ratio of the infusion to control values 
of the clearance of creatinine (Cor). As Cor diminished, 
the clearance of hemoglobin increased relative to creati- 
nine. In one study Cugp/Cor increased as Cor rose. 
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Fic. 6. THe RELATIONSHIP BETWEEN THE CLEARANCE 
oF PAH ANnpD THE HEMOGLOBIN-CREATININE CLEARANCE 
Ratio DurInNG THE Pressor RESPONSE TO L-NoREPI- 
NEPHRINE 

The ratio of the infusion to the control values of the 
hemoglobin-creatinine clearance ratios (Cug»/Cor) is 
plotted against the ratio of the infusion to the control 
values of the PAH clearance. As the clearance of PAH 
diminished, the clearance of hemoglobin increased rela- 
tive to creatinine. 


centrating effects of l-norepinephrine (17, 18) and, 
in some instances, to a greater rate of administra- 
tion than of excretion of hemoglobin. 

The renal clearance of hemoglobin (Cyg, 
Table I) showed similar directional changes (Fig- 
ure 2). However, since the concentration of he- 
moglobin in plasma increased in most studies, the 
percentage change in hemoglobin clearance was 
less than that of hemoglobin excretion. Cygp in- 
creased in 14 animals, decreased in 4 (dogs 9, 11, 
19 and 25) and remained unchanged in 2 (dogs 14 
and 16). This variability may be attributed in part 
to the magnitude of the reduction in the volume of 
glomerular filtrate, since the clearance of hemo- 
globin tended to fall when GFR was reduced more 
than 50 per cent (Figure 3). The mean Cpe 
during the infusion of I-norepinephrine was 137 
per cent of control values with a range of 69 to 
267 per cent. 

On cessation of the infusion, the excretion and 
clearance of hemoglobin returned towards con- 
trol values in three studies (dogs 33, 34 and 35) 
and increased in three (dogs 17, 18 and 25). The 
increase in dog 25 was spurious since this animal 
developed gross hematuria during the recovery 
periods. 

The hemoglobin-creatinine clearance ratio (Cugp 
/Cor, Table I) increased in every study but one 
(dog 25) (Figure 4). The mean value during the 
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administration of l-norepinephrine was 211 per 
cent of control levels with a range of 75 to 463 
per cent. The correlation between the changes in 
this ratio and GFR was of borderline significance 
(r= — 0.436; p< .10 > .05) (Figure 5).5 The 
correlation between the changes in Cyg»/Cor and 
RPF was significant (r= — 0.590; p< .01) 
(Figure 6). On cessation of the infusion of 
l-norepinephrine the hemoglobin-creatinine clear- 
ance ratio returned towards control levels in all 
animals except dog 25, which developed gross he- 
maturia. 


DISCUSSION 


Hemoglobin molecules circulating in plasma are 
excreted in the urine at a rate which is determined 
by the rate of transport of these molecules across 
the glomerular membrane and by the capacity of 
the renal tubular cells to abstract this protein from 
glomerular filtrate during the process of urine 
formation. The present study suggests that either 
one or both of these processes concerned in hemo- 
globin excretion may be modified during the pres- 
sor response to l-norepinephrine. The increase in 
urinary excretion and in the renal clearance of 
hemoglobin elicited by the infusion of 1-norepi- 
nephrine may be attributed to either an increase in 
transglomerular transport of hemoglobin or to a 
decrease in tubular reabsorption, or to both. Al- 
though the precise mechanism of this excretory 
response was not established, the magnitude of the 
changes suggests that alterations in tubular reab- 
sorption alone were not responsible. In dogs 12, 
13, and 33 the increment in hemoglobin excretion 
exceeded 2.0 mgm. per minute (by 2.2, 4.62, and 
2.83 mgm. per minute, respectively), the approxi- 
mate maximal rate of tubular reabsorption of he- 
moglobin in dogs the size of those employed in 
the present study (10). Hence, the augmented 
hemoglobin excretion may be attributed, at least 
in part, to a more rapid rate of transfer of hemo- 
globin molecules into glomerular filtrate. Whether 
changes in tubular reabsorption also occurred is 
not known. 

The mechanism of this alteration in transglo- 
merular transport is not clear. Since the concen- 

5 When the one study (dog 10) in which the creatinine 
clearance increased is omitted from these calculations, the 


correlation between GFR and Cue/Ccr is significant 
(r = — 0.539; p< .02>.01). 


tration of hemoglobin in glomerular filtrate rises 
in a linear manner as plasma hemoglobin concen- 
tration increases (10, 19), the increment in plasma 
concentration usually elicited in the present study 
by the infusion of l-norepinephrine undoubtedly 
contributed to this increase in transport in most 
studies. However, the increase in plasma level 
was inconstant (dogs 8 and 9) and was insufficient 
in most instances to account for the magnitude 
of the increment in the clearance of hemoglobin 
and in the hemoglobin-creatinine clearance ratio.® 
Hence other factors appear to have been operative 
as well to augment the glomerular transport of 
this protein. 

That alterations in glomerular filtration rate 
may have initiated these changes in transport must 


6 This view can be illustrated by theoretical calculations 
of the change in the clearance of hemoglobin and in the 
hemoglobin-creatinine civarance ratio to be expected by a 
20 per cent increase in the plasma hemoglobin concentra- 
tion, the average increment observed in the present study 
during the infusion of l-norepinephrine. 

(a) Assuming the following values: plasma hemoglobin 
concentration, 3.0 mgm. per ml.; creatinine clearance, 40 
ml. per minute; glomerular permeability to hemoglobin, 
5 per cent of the creatinine clearance (18); and Tae? 
2.0 mgm. per minute: 


Filtered Hgb = 3.0 X 40 X .05 
= 6.00 mgm./min. 


Reabsorbed Hgb = 2.00 mgm./min. 
Excreted Hgb = 4.00 mgm./min. 

4.00 
Crep = 3007 1.33 ml./min. 


1.33 
Crev/Cor .033 


(b) Assuming a 20 per cent increase in Pug») and no 
change in glomerular permeability or tubular reabsorption : 
Filtered Hg, = (3.0 + 0.6) X 40 X .05 
= 7.20 mgm./min. 
Reabsorbed Hgp = 2.00 mgm./min. 
Excreted Hy» = 5.20 mgm./min. 


5.20 


= 3607 1.44 ml./min. 


Per cent change in Cugp = 8 per cent. 
Per cent in Cugp/Ccr = 9 per cent. 


These changes are less than those determined experimen- 
tally (average experimental change in Cup, 37 per cent 
and in Cugp/Cor, 111 per cent). Hence an increase in 
plasma hemoglobin concentration of 20 per cent cannot 
alone account for the observed alterations. 
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be considered in view of the relationship between 
protein transport and filtration rate as formulated 
in the theory of molecular sieving. According to 
this theory, the concentration of protein in capil- 
lary filtrates increases as the rate of formation of 
filtrate diminishes, owing to differences in the dif- 
fusion characteristics of protein and water (creati- 
nine) molecules (2-4). Although GFR charac- 
teristically fell in the present study, the role of this 
reduction is obscure. That the excretory response 
to l-norepinephrine may have been modified by 
changes in GFR is evident in Figure 3, which 
shows that the typical increase in hemoglobin 
clearance was abolished by marked decrements of 
GFR.” But whether adjustments of GFR initiated 
the excretory response to l-norepinephrine in ac- 
cordance with the concept of molecular sieving is 
not clear. In one study (dog 10) the clearance of 
hemoglobin increased (both in absolute terms and 
relative to creatinine) in association with an in- 
crease rather than a decrease in GFR. Moreover, 
the relationship between filtration rate and protein 
transport is uncertain owing to doubt concerning 
the mechanism of the reduction of GFR in the dog 
during the vasoconstrictive response to I-norepi- 
nephrine. If, as has been suggested (20), filtra- 
tion diminishes as a result of selective cessation of 
glomerular activity in a portion of the nephron 
population, the theory of molecular sieving as out- 
lined cannot account for the changes in hemoglo- 
bin clearance elicited in the present study. Since, 
under these circumstances, filtration would be un- 
altered in those nephrons contributing to urine 
formation, the relationship between the transglo- 
merular transport of hemoglobin and creatinine 
would not change in these nephrons and the hemo- 
globin-creatinine clearance ratio would remain 
constant. If, however, GFR decreases by a gen- 
eralized, partial reduction of filtration in active 
nephrons, or if variable alterations of filtration 
rate in residual, active glomeruli occur during 
nephron exclusion, the transport of hemoglobin 
across the glomerular membrane of functioning 

7 The decrease in the clearance of hemoglobin under 


these circumstances may be attributed to the marked re- 
duction in the volume of glomerular filtrate. Since the 


clearance of hemoglobin increased relative to creatinine 
in these instances, the factors tending to augment the 
transglomerular transfer of hemoglobin appear to have 
been operative in these as in the other studies. 
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nephrons might increase relative to creatinine in 
accordance with the theory of molecular sieving 

and the clearance of hemoglobin would rise rela- 

tive to creatinine. Until, however, the precise 

mechanism of the reduction of GFR is established, 

the role of these changes in filtration rate cannot 

be evaluated. 

Studies of the effects of plasma volume ex- 
pansion on proteinuria (5) and of the effect of 
renin on the excretion of hemoglobin and plasma 
proteins in rabbits and rats (7-9) have suggested 
that the transport of protein molecules across the 
glomerular membrane may be conditioned by the 
level of intracapillary hydrostatic pressure. Renin, 
which has hemodynamic effects in the kidney simi- 
lar to those elicited by I-norepinephrine, is thought 
to elevate intraglomerular pressure by vasomotor 
adjustments of the efferent and afferent arterioles 
(8). This rise in pressure, it has been suggested 
(8), accelerates the filtration and/or diffusion of 
protein across the glomerular membrane by mecha- 
nisms which are not clear, but which may be re- 
lated to stretching of the glomerular membrane 
(5). Whether I-norepinephrine acts in a similar 
manner is not known. A rise in intraglomerular 
pressure would be expected to elevate glomerular 
filtration rate relative to renal plasma flow (an in- 
crease in the renal filtration fraction), a functional 
pattern which is elicited by both renin and I-nor- 
epinephrine. But whether this relationship be- 
tween filtration rate and plasma flow actually re- 
flects adjustments of intraglomerular pressure is 
not clear (15). Moreover, if nephron exclusion 
occurs during the administration of l-norepineph- 
rine, a variable and uncertain relation between flow 
and filtration may exist in active and inactive 
nephrons and hemodynamic interpretation of the 
filtration fraction would be impossible. Hence 
the changes in protein transport elicited in the 
present study cannot be evaluated in terms of ad- 
justments of intraglomerular pressure. Whether 
the level of hydrostatic pressure genuinely influ- 
ences protein transport has not been unequivocally 
established. The precise role of this factor in the 
kidney and other sites remains to be determined. 

That hemodynamic adjustments within the kid- 
ney may have altered the transport of hemoglobin 
across the glomerular membrane independently of 
alterations in glomerular filtration rate and intra- 
glomerular pressure is possible. The relationship 
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illustrated in Figure 6 indicates that as renal 
plasma flow diminished the clearance of hemoglo- 
bin increased relative to creatinine. Whether this 
correlation indicates a causal relationship between 
renal plasma flow and transglomerular hemoglobin 
transport is, however, not clearly established. 
Moreover, the mechanism by which changes in 
renal plasma fiow might condition hemoglobin 
transport is obscure. An increased rate of trans- 
glomerular transport might occur under these 
conditions as a result of a reduction in the rate 
and velocity of blood flow through the glomerulus. 
If these changes in glomerular blood flow accom- 
pany a reduction in renal blood flow, the contact 
between hemoglobin molecules and the glomerular 
capillary wall may be prolonged, thus allowing 
more time for the diffusion of these molecules into 
glomerular filtrate. 

This view may explain in part the relatively 
high values recorded for the glomerular perme- 
ability to hemoglobin in both man and dog, since 
the administration of this protein intravenously is 
attended by intrarenal vasoconstriction and a re- 
duction of renal blood flow (16). Moreover, the 
higher values for glomerular permeability elicited 
when the rate of intravenous administration is in- 
creased (19) may be attributable to a greater re- 
duction of blood flow through, and an increased 
rate of diffusion of hemoglobin from, the glomeru- 
lus under these conditions. 


SUMMARY 


The administration of pressor doses of I-norepi- 
nephrine to anesthetized dogs elicited abrupt al- 
terations in the urinary excretion and renal clear- 
ance of hemoglobin. When renal vasoconstriction 
was moderate, the clearance of hemoglobin in- 
creased; when renal vasoconstriction was intense 
and glomerular filtration rate diminished sharply, 
hemoglobin clearance decreased or remained un- 
changed, presumably since less filtrate was avail- 
able for excretion under these conditions. Since 
the clearance of hemoglobin increased relative to 
filtration in all studies but one, regardless of the 
intensity of the vasoconstrictive adjustments, and 
since this change could not be attributed to a de- 
crease in tubular reabsorption of hemoglobin alone, 
the administration of I-norepinephrine apparently 


elicited an acceleration in the transglomerular 
capillary transport of hemoglobin molecules. 

The mechanism of this change in transport was 
not determined. An increase in plasma hemoglo- 
bin concentration usually occurred and contributed 
to, but was not alone responsible for, the increase 
in transglomerular hemoglobin transport. The 
possibility that alterations in renal blood flow 
played a role was considered. The way in which a 
reduction in flow might have acted was not es- 
tablished, but it was suggested that if the rate and 
velocity of glomerular blood flow diminished as 
renal blood flow decreased, the contact between 
hemoglobin molecules and the glomerular mem- 
brane may have been prolonged, thus allowing 
more time for the diffusion of those molecules 
into glomerular filtrate. Although adjustments 
of glomerular filtration rate and intraglomerular 
hydrostatic pressure may have contributed to the 
observed changes in hemoglobin transport, the 
role of these adjustments could not be evaluated 
in the present study. 
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(at left) Actual thyroid gland scanning taken with Nuclear- 
Chicago’s new Model 1700 Isotope Scanner, Scaler, and 
Directional Scintillation Detector. Dose—50 microcuries of 
lodine-131, 89% uptake, 19 minute scanning time. 
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used to chart radioiodine distribution in 


This Isotope Scanner by Nuclear-Chicago 


is a precision instrument for scanning body 
areas for concentrations of radioactive iso- 
topes, producing at the same time a ‘“‘pic- 
ture” of the radioisotope distribution. 
Operable with any scaler and scintillation 
counter, the scanner is useful for diagnosing 
a pathological condition, planning for sur- 
gery, or determining organ bulk in order to 
plan a proper therapeutic dose. Generally 


thyroid gland it can delineate any organ in 
the body in which a gamma emitting radio- 
active isotope is localized. 

Model 1700 is most moderately priced 
and is particularly convenient to use. It is 
readily set to scan a body area up to 14’x17’, 
occupies a maximum floor space of only 
34”x44” and can be moved easily through a 
3 foot door. Write us for complete details. 
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Structural and functional derangements in the 
kidney during the course of Epidemic Hemor- 
rhagic Fever run as a continuing thread of cause 
and effect through a complex of physiological and 
biochemical disturbances that has perhaps no 
parallel among the acute infectious diseases. So 
closely knit are these renal aberrations in the fabric 
of the clinical syndrome that investigators have 
found it impractical to disentangle the element of 
“renal failure” from the related phenomena of 
shock, hypotension or hypertension and electrolyte 
or water imbalance, and so simply state as their 
conclusion that “renal complications” are present 
in all examples of the disease and at every stage of 
its progress (1). 

The general nature of the renal lesion has been 
established. In its clinical aspects, it is an ex- 
ample of ‘‘acute renal failure” with the typical 
characteristics of proteinuria, oliguria and late diu- 
resis. From the physiological viewpoint, the in- 
vestigations of Froeb and McDowell (2) and of 
Syner and Markels (3) have demonstrated similar 
disturbances of renal blood flow which occur either 
as a part, or at times independently, of the general 
circulatory collapse which so frequently ensues in 
the early phases of the disease. 

The pathological alterations that occur in the 
kidneys have been described by the Russian in- 
vestigators who first recognized the disease in 
eastern Siberia (4),* and in later studies by the 
Japanese (4). More recently, Hullinghorst and 
1 This work was done under the auspices of the Com- 
mission on Hemorrhagic Fever, Armed Forces Epidemio- 
logical Board, and was supported by the Office of the 
Surgeon General of the Army, and in part by a research 
grant (H-1515-C2) from the National Heart Institute, of 
the National Institutes of Health, Public Health Service, 
and the Life Insurance Medical Research Fund. 

* Though the earlier reported cases of EHF were lim- 
ited to Manchuria and eastern Siberia, later observations 
have shown that a very similar disease occurs in the 
Balkans and Czechoslovakia. The mild “epidemic ne- 
phropathy” observed in Finland, Sweden and Norway re- 
sembles EHF in some ways, but an identity has not been 
proved (5). 


THE RENAL LESION IN EPIDEMIC HEMORRHAGIC FEVER! 
3y JEAN OLIVER ann MURIEL MACDOWELL 


(From the Renal Research Unit, Overlook Hospital, Summit, N. J.) 


(Submitted for publication June 21, 1956; accepted September 5, 1956) 


Steer (6), Steer (7) and Lukes (8) have re- 
ported on material obtained during epidemics 
among American troops in Korea. Though the 
resemblance of the histological picture to that 
which is found in other forms of the acute renal 
necrosis associated with traumatic and toxic in- 
jury has impressed pathologists, certain charac- 
teristics of the structural lesions of EHF are so 
distinctive that in the absence of a demonstrable 
etiological agent they have become the final cri- 
terion for its diagnosis. 

A general discussion and detailed analysis of 
the clinical, physiological and biochemical de- 
rangements that occur in EHF have appeared in 
a Symposium published under the editorial di- 
rection of Dr. David P. Earle (9). Against this 
background an attempt will now be made to inte- 
grate the development of the structural aspects of 
the renal lesion with the progress of its functional 
disturbances. 


MATERIAL AND METHODS 


The clinical data and pathological material of this 
study have been taken from the records of the Commis- 
sion of Epidemic Diseases and the collections of the 
Armed Forces Institute of Pathology. 

Thirty-nine fatal cases of EHF which occurred dur- 
ing the Spring and Fall epidemics of 1952 and 1953 
among American troops in Korea have been examined. 
An analysis of thirty-four of these appears in the Sym- 
posium (9); the case numbers of this earlier study have 
been retained, and though much of its substance has been 
incorporated into our report further pertinent informa- 
tion may be derived from this source, in particular from 
Table VIII, page 636. 

The distribution of the cases in regard to the phase 


of the disease in which the individual died was as 
follows: 
Hypotensive phase : 19 
(Primary shock 12) 
(Transition shock 7) 
Oliguric phase: 10 
Diuretic phase, 1 to 16 days of diuresis: 9 
Convalescence, 149 days from onset: 1 


39 


100 


The method of study was as follows. The autopsy 
protocols and clinical records were first reviewed. Sec- 
tions of all the tissues from each autopsy were then ex- 
amined for whatever relation they might bear to the 
renal lesion and the sections of kidney studied in detail 
by the conventional methods of histological examination. 
In the material of this preliminary survey 10 per cent 
formalin and Zenker’s had been the fixative, 
and hematoxylin and eosin the stain; in subsequent ex- 
aminations the Masson stain, iron hematoxylin and eosin, 
Acid Fast Green and certain histochemical procedures 


solution 


were used. 

After this examination had established the general na- 
ture of the renal lesion, microdissection of the kidney 
tissue as previously described (10) was done to observe 
the detail and topographical relations of abnormalities in 
The stained 
with iron hematoxylin, and camera lucida drawings or 


the nephrons. dissected nephrons were 
photomicrographs were made for permanent record. As 
will appear in the descriptions of the structural altera- 
tions, a continuous comparison was made during the 
progress of the work between the appearance of the lesions 
as they were revealed by the two methods of examination. 

Selected examples illustrating the course and develop- 
ment of the pathological alterations appear in our il- 
lustrations. It is perhaps unnecessary to point out that 
considerations of expense and space have made necessary 
a considerable restriction in the presentation of our find- 
ings. During the dissection of each case hundreds of 
nephrons were examined, many were drawn by means of 
the camera lucida, and a lesser number photographed at 
Of the latter only 
typical examples can be published, and at great reduction; 
the original of Plate I, for example, is composed of 97 
individual 4 by 5 microphotographs which, when assem- 
bled to show the complete nephron, cover a space of 4 by 
9 feet; much detail is therefore lost in the process of 


magnifications of up to .200 times. 


publication. 

In the exposition of our findings the nomenclature used 
by clinical investigators to designate the course of the 
disease has been adopted. 
of EHF may orient the reader for the more detailed de- 
scription of the physiological, clinical and pathological 
correlations that are to follow. 


A brief review of the syndrome 


THE CLINICAL SYNDROME OF EHF 


During all but the first of the five successive 
phases, Febrile, Hypotensive, Oliguric, Diuretic 
and Convalescent, into which the clinical course 
of EHF has been divided, disturbances of renal 
activity are prominent. The Febrile Phase is char- 
acterized by the usual fever, chills, headache and 
nausea of an acute infectious disease, and ends 
around the fifth day by defervescence. 

With passage into the Hypotensive Phase, the 


earlier manifestations of disturbance in the periph- 


eral circulation, such as the intense flush of the 


JEAN OLIVER AND MURIEL MACDOWELL 


face and the injection of the pharynx, become de- 
finitive in the appearance of petechiae. Concomi- 
tantly, there occurs a rise in the hematocrit which, 
along with direct determinations of decreased cir- 
culating volume, suggests that plasma fluid is leak- 
ing through damaged capillaries into tissue spaces. 
As a result, the blood pressure falls and shock en- 
sues. 

These conditions persist during the Hypotensive 
Phase, in which death from primary shock ac- 
counted for one-third of all fatalities. Proteinuria 
is now massive and the urinary output is irregu- 
larly decreased. Blood urea nitrogen rises and, 
with passage from the Hypotensive Phase, the 
oliguria, previously irregularly manifested, be- 
comes permanently established to mark the third 
stage of the disease. 

The elevated hematocrit of the Hypotensive 
Phase has now decreased toward normal, at times 
abruptly, but more usually requiring one to three 
days before it becomes stabilized at its original 
level. During this Transition Period from the 
Hypotensive to the Oliguric Phase, a circulatory 
collapse of a nature somewhat different from the 
“primary shock” of the earlier period may occur ; 
in “transition shock” the observation that total 
serum proteins do not change as the hematocrit 
falls, and direct measurements of an increasing 
circulatory volume, suggest that fluid previously 
lost to the extravascular spaces is returning. 

During the Phase of Established Oliguria which 
follows, hypertension is commonly observed, but a 
more remarkable circulatory disturbance during 
this period is the development in certain cases of 
a relative hypervolemia along with hemorrhagic 
phenomena during which the complications of pul- 
monary edema, hemorrhage or convulsions may be 
fatal. 

After 3 to 5 days of oliguria, the Diuretic Phase 
begins; a daily output as high as 18 L. has been 
recorded. © During this phase abnormalities in 
electrolyte and water balance may develop and a 
condition of “limited homeostasis” be established 
in which secondary shock and pulmonary edema 
occur. Judging from the evidence of increasing 
clearances there then follows an improvement in 
the renal circulation which gradually reaches nor- 
mal in the following weeks. The BUN has fal- 
len, proteinuria has disappeared, and in the Con- 
valescent Period most patients after two months 
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RENAL LESION 


IN EPIDEMIC HEMORRHAGIC FEVER 


PHYSIOLOGICAL DISTURBANCES IN EPIDEMIC HEMORRAGIC FEVER 


HYPO- 
PHASE FEBRILE TENSIVE 


OLIGURIC DIURETIC 


DAYS 


FEVER 


SHOCK 


Petechiae 
HEMORRHAGES 


RELATIVE 
HYPERVOLEMIA 


FLUID & ELECTRO- 
LYTE IMBALANCE 


RENAL FAILURE 


BLOOD PRESSURE 


URINE FLOW 


OISTURBANCES | CONGESTION 


RESOLUTION 


CLEARANCES 
PAH-CR 
BLOOD UREA —— | 
NITROGEN 
HEMATOCRIT 
PLATLETS 
SERUM PROTEINS 
STASIS-HE MORRHAGE 
RENAL t 
VASCULAR SUBCORTICAL UBULAR NECROSIS 


Text Fic. 1. Course or CLINICAL 


AND LABORATORY OBSERVATIONS IN 


SEVERE EpipeEMIc HEMORRHAGIC FEVER 


can concentrate their urine to a specific gravity of 
1.023 or better. 

Text Figure 1, which is a modification of Fig- 
ures 2 and 3 of Sheedy and his co-workers (9), 
shows the clinical manifestations and laboratory 
measurements of EHF in graphic form. The low- 
est level illustrates the occurrence and relative in- 
tensity of certain pathological phenomena that were 
observed in the kidney, and will be explained by 
our later descriptions. 

Although, as previously stated, the renal lesion 
is to be described as it develops in the consecutive 
clinical stages of the disease, the procedure of pre- 
senting the individual cases has been to arrange 


Modified from Sheedy and his associates (1). 


them in a series based on the evolution of the 
pathological lesions. As these lesions are of varied 
nature, involving vascular, interstitial and paren- 
chymal reactions which may develop at differing 
rates of intensity, such a series can be only ap- 
proximate in arrangement. 


THE RENAL LESION IN THE FEBRILE AND 
HYPOTENSIVE PHASE 


(The Prehemorrhagic Stage of Subcortical 
Congestion ) 


The earliest view of the renal lesion in EHF 
encountered in this series was obtained in Case 
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ALBUMIN 100 ml PITRESSIN 


HEMATOCRIT & 


BLOOD PRESSURE @ 


ADRENAL 
EXTRACT 
50 ml 


micrograms 


4 


Q-ARTERENOL 4 Z NEOSYNEPH 


R 


per minute 


100- 


TIME IN HOURS 


Text Fic. 2. Cask 38—DeEatTH 


IN Primary Suock PHASE oF HEMORRHAGIC FEVER 


Note initial response to continuous intravenous pressor therapy but increasing requirements during sub- 
sequent course, and death after 18 hours’ observation despite 400 cc. concentrated human albumin, Pitressin® 


and adrenal cortical extract. 
subcutaneous tissue. 
retroperitoneal edema was present at autopsy. 


Blood pressure could be measured only by palpatory method after fifth hour. 


Note also shock at eleventh hour when L-arterenol infusion infiltrated into 


Marked 


Text Figures 2, 4, 6, 7 and 9 and their legends are from the Symposium on Epidemic Hemorrhagic Fe- 
ver (9) and are published by permission of author and publisher from the American Journal of Medicine, 


1954, 16, 617. 


38, who died on the fourth day of his illness. 
After three days of severe headache, chills, fever, 
nausea and vomiting, he entered the hospital with 
a temperature of 103°, a blood pressure of 100/70 
mm. Hg, a 1 + proteinuria and a hematocrit of 59 
per cent. 
injection of the conjunctivae and soft palate, but 
no petechiae were present. During the examina- 
tion he suddenly vomited and collapsed ; his blood 


Physical examination showed intense 


pressure fell to 58/0 mm. Hg. In spite of continu- 


ous treatment,® including the infusion of 4 units of 
serum albumin which produced intermittent re- 


3In this and the cases which follow, only that thera- 
peutic procedure has been given for which there is evidence 
that it may produce a structural alteration in the kidney, 
namely, the administration of concentrated human serum 
albumin (1 unit = 100 cc. 25 per cent salt-poor serum 
albumin). Many individuals also received whole blood 
transfusions, glucose and 
occasionally Dextran. 
may be found elsewhere (9). 


and 
A summary of these procedures 


nor-adrenalin infusions 


establishment of blood pressure (Text Figure 2), 
he expired in shock 18 hours after admission. 
During this period, with a fluid intake of 2864 cc. 
he passed 415 cc. of urine; the last sample before 
death showed 2 + protein and the terminal BUN 
was 42.3 mg. per cent. 

There 
was a considerable amount of retroperitoneal 
edema lightly stained with the dye, T-1824, that 
had been injected for determination of blood vol- 
ume. The kidneys were not swollen (175 to 200 
gm.) and the prosector noted that though the cor- 


At autopsy no petechiae were present. 


tex was more sharply differentiated from the 
medulla than normally, there was not the intense 
congestive zone which he was accustomed to find 
as typical of EHF. There were, however, the 
usual hemorrhages in the right atrium and an ex- 
tensive hemorrhagic infiltration of the anterior 
lobe of the pituitary. 

On _ histological examination the glomerular 
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tufts were essentially normal; the capillaries con- 
tained red blood cells in normal numbers and 
there was precipitated granular material in Bow- 
man’s space. Cross sections of proximal convolu- 
tions in the cortex were lined with their typical 
epithelium which showed some evidence of apical 
swelling of its cells (Figures 1 and 2); the cyto- 
plasm of these cells was normal. The lumens of 
cross sections of ascending limbs in the medullary 
rays and the distal convolutions in the cortex 
were dilated and appeared empty (Figure 2). 

In the subcortical medullary zone were scattered 
areas of dilatation of intertubular vessels which 
were crowded with discrete red blood cells (Fig- 
ure 3). The thin outlines of the intact walls of 
these vessels were clearly evident and there was 
no escape of blood into the interstitial tissue ( Fig- 
ure 4). In these areas of congestion the epi- 
thelium and basement membranes of the “straight 
tubules”, terminal proximal convolutions and as- 
cending limbs of Henle’s loop, though somewhat 
compressed, were well preserved. Throughout 
the deeper portions of the medulla were irregu- 
larly distributed patches of intertubular edema, 
but little evidence of congestion and none of hem- 
orrhage (Figure 5). The tubules of the collect- 
ing system were normal and contained few casts. 

Microdissections of the renal tissue showed es- 
sentially normal configurations in the nephrons, 
except for some slight pressure effect on those 
terminal segments of the proximal convolutions 
and ascending limbs of Henle’s loop which passed 
through areas of congestion. 

Plate I, A to F, shows a complete nephron 
stained with iron hematoxylin. Apart from the 
localized effects just noted, the general configura- 
tions of this nephron are so slightly disturbed 
that it may serve as a control example of the ap- 
pearance of a normal nephron prepared by our 
technique for comparison with the damaged speci- 
mens that are to follow. In all the preparations, 
the intense black staining of the proximal con- 
volution is the reaction of the mitochondria which 
fill the cytoplasm of its epithelial cells in decreas- 
ing amount as one departs from the glomerulus; 
these cellular organelles no longer exist in their 
original rod-like form but, apparently as a result 
of the maceration in HCl, are resolved into fine 
“granules”. in_ histological preparations 
stained with iron hematoxylin, the nuclei do not 
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stain heavily but appear as light round spots on 
the dark background of the cytoplasm, except in 
the premitotic phases of regenerative proliferation 
when their excessive and hyperchromatic chro- 
matin makes them clearly visible. It should be 
recalled that the tubule is being viewed through 
its entire thickness, 60 to 70 in the case of the 
proximal convolution, so that cellular detail is of 
necessity somewhat clouded; on the other hand 
this increase in the absolute amount of tissue un- 
der observation at times permits the recognition 
of cytoplasmic lesions which are not appreciable 
in thin histological sections. Since a familiarity 
with the microscopic appearance of dissected 
nephrons is essential to the recognition and the 
interpretation of the alterations that are to be seen 
in the abnormal specimens, a detailed description 
of Plate I will be given. 

The glomerulus, due to the bulk of its tissues, 
shows little cellular detail; its size and shape are 
normal, however, and the relation of the more 
opaque tuft to Bowman’s capsule is evident. 

The proximal convolution is of normal configur- 
ation and diameter, except in its terminal medul- 
lary portion, which, passing into an area of con- 
gestion in the subcortical outer stripe of the outer 
zone of the medulla, is somewhat compressed. 
The cytoplasmic pattern is in general well pre- 
served; the normal mitochondrial gradient is 
shown by the gradual decrease in the intensity of 
the reaction to iron hematoxylin, and the clear, 
vacuolar, round nuclei, more visible as the inten- 
sity of the mitochondrial staining lessens, are 
normally distributed in the tubule wall. At a 
in Plate IB, the medullary segment of the con- 
volution entered an area of intense intertubular 
congestion which lay just below the cortex. The 
tubule is definitely narrowed, and although its 
cells are in general well preserved, slight irregu- 
larities are noted toward the end of the segment, 
and a scattering of intracellular detritus indicates 
some epithelial damage. 

The greater part of the thin portion of Henle’s 
loov, though successfully dissected and mounted, 
was swept away during the process of staining 
(Plate ID); a short remnant, somewhat dilated, 
remains (Plate IE) and passes abruptly into the 
thick portion of the limb which, continuing to 
descend, forms the loop and turns towards the 


cortex. In the area of congestion, lying adjacent 
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to the compressed terminal segment of the prox- 
imal convolution, the cellular pattern of the as- 
cending limb is slightly disturbed and there is 
some deeply stained intracellular detritus. Above 
this point and extending high into the cortex the 
ascending limb is moderately dilated; its cellular 
components appear essentially normal. 

The distal convolution (Plate IF) is much more 
and very unevenly dilated, so that there is a con- 
sequent patchy thinning of its wall which accounts 
for the irregularity of its staining; there are no 
coagula or casts in its distended lumen. The junc- 
ture of its terminal portion, the connecting tubule, 
with that of a neighboring nephron is not dilated. 

Dissected collecting tubules, from cortex to 
deep medulla, were entirely normal; those which 
passed through the areas of congestion were un- 
affected by the dilatation of the intertubular ves- 
sels which surrounded them. 

The nephron shown in Plate I was typical of 
those which were involved in an area of subcorti- 
cal congestion, and none of these showed more 
severe alterations. Those which passed outside 
or between the scattered areas of congestion, at a 
rough estimate perhaps one-half of all nephrons, 
showed no visible abnormalities in their structure. 

Text Figure 3 is a graphic representation of a 
renal lobule from this kidney. The nephrons 
shown are camera lucida tracings of dissected spec- 
They and the areas of intertubular con- 
gestion are arranged as they were observed to lie 


imens. 


in the kidney during the course of dissection and 
as similar structures and relations appeared in his- 
For the sake of clarity only a 
few nephrons are shown and these are 


tological sections. 
widely 
spaced, but otherwise the figure presents not an 
interpretive diagram but a_ reconstruction of 
actuality. 

It is clear that the architecture of the kidney 
and the topographical relation of its constituent 
nephrons have not been greatly affected by the 
vascular disturbance in the subcortical medulla. 
The dilatation of the distal portions of the neph- 
ron lying in the cortex, including ascending limbs 
of Henle’s loop and distal convolutions, is, how- 
ever, definite if not striking (Figure 2 and Plate 
IF); this dilatation was associated with a zone 
of moderate pressure effect from the congestion 


in the sub-cortical medulla, a relation that will 
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assume greater significance with the progress of 
the renal lesion. 


* * * * 


Since the renal lesions become increasingly com- 
plex with the progress of the disease, a summary 
of the structural findings and a discussion of their 
significance along with a reference to pertinent 
literature will be given at the end of each clinical 
period. This procedure may make for reiteration, 
but will perhaps be less burdensome to the reader 
than the continuing back reference to minutiae 
long since described which would be required if 
critical considerations were postponed to a final 
conclusion. 

The kidney of this individual in whom defer- 
vescence was interrupted by sudden death from 
primary shock may be taken as illustrative of the 
renal status during the late Febrile Phase at its 
passage into the Hypotensive Phase. The lesion 
can be briefly summarized. There is a marked 
congestive hyperemia localized to the subcortical 
zone of the medulla, occurring not diffusely but 
in irregular patchy areas, with no intertubular 
hemorrhage. There are some slight localized 
pressure effects of this congestion, both of com- 
pression and dilatation, on the tubules of neph- 
rons that by chance pass through it, but no struc- 
tural evidence of general cellular damage in any 
of the tubules. The tubular passages are clear; 
there are few casts. 

The correlation of these structural changes with 
the clinical and physiological data of the period 
seems reasonably clear; all lines of evidence in- 
dicate the beginning of widespread disturbances in 
the peripheral vascular bed which are character- 
ized first by dilatation and then by increased per- 
meability of capillaries and venules. 

In the kidneys, the functional effects of these 
disturbances are reflected in the clearance exami- 
nations of Froeb and McDowell (2) and of Syner 
and Markels (3), who found not a lessening of 
renal blood flow, as is observed in classical acute 
renal failure, but either its full maintenance or ac- 
tual increase. The histological sections show the 
distribution of this abundant blood flow in the 
congestive hyperemia of the subcortical medulla. 
To a consideration of the reason for this localiza- 
tion we shall return in a later description of the 


progress of the vascular lesion. Neither histo- 
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logical sections nor dissections showed frank 
structural alterations in the nephrons, a finding 
which correlates with the clinical observation that 
there was only a moderate degree of proteinuria 
and elevation of BUN. 

It may be concluded, therefore, from both the 
structural and functional findings, that the vascu- 
lar bed of the kidney shares in the general disturb- 
ance of the peripheral circulation, the clinical evi- 
dences of which were vividly present in the in- 
tense flush of the skin of the face and chest and 
mucous membranes. All these phenomena to- 
gether constitute the first evidences of generalized 
capillary damage, and in the case described they 
terminated abruptly in primary shock when plasma 
escaped into the extravascular spaces, a phenome- 
non indicated by the clinical observation of a ris- 
ing hematocrit and confirmed by the pathological 
finding of massive retroperitoneal edema. It is 
noteworthy that the ultimate lesion of vascular 
damage was as yet not developed in either the 
skin or the kidney, for neither petechiae were 
present nor intertubular hemorrhage. This grav- 
est aspect of the vascular lesion was, however, 
present in two areas, the right auricle and the 
anterior hypophysis; the small vessels of these 
regions are apparently peculiarly susceptible since 
in every case in this series they were the seat of 
extensive hemorrhage. 


* * * * * 


The remaining cases of those dying in primary 


shock may be considered to have definitely en- 


tered the Hypotensive Phase, a conclusion sup- 
ported not only by the evolution of the clinical 
symptomatology but by the progress of the renal 
lesion. 

The first of these, Case 9, entered hospital with 
a 3+ proteinuria 31% days after a typical febrile 
onset. The next morning the hematocrit rose 
to 61.9 per cent, the blood pressure fell, and the 
patient went into shock ; in spite of the administra- 
tion of 1200 cc. of blood and 3 units of serum 
albumin, he died in shock the morning of the fol- 
lowing day. There was no oral intake of fluid, 
and there was a urinary output of 760 cc.; the 
terminal temperature was 106°; the BUN on the 
day before death was 16.8 mg. per cent. At au- 
topsy, marked retroperitoneal edema, hemorrhages 
in the right auricle and an extensive hemorrhagic 
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infiltration in the anterior pituitary were present. 
The kidneys were swollen; their medullae are 
described as “reddish purple”. 

Histological examination showed an intense, 
patchy engorgement of the subcortical zone of 
the medulla. In certain areas the capillaries be- 
tween the terminal proximal convolutions and 
ascending limbs of Henle’s loop were dilated to 
the diameter of the adjacent tubules and crowded 
with red blood cells which in some vessels were 
discrete and in others packed and fused into a 
hyaline mass (Figure 6). In spite of this dis- 
tention the walls of the vessels were not greatly 
thinned and their intact endothelial cells were 
plainly visible. The tubules surrounded by these 
vessels were compressed by the resulting tension 
and their epithelium showed a moderate degree 
of protoplasmic disturbance. 

Not only were the small vessels of the outer 
meduila distended with red cells, but the capil- 
laries of the swollen glomerular tufts throughout 
the cortex were greatly dilated and packed with 
red blood cells (Figure 7). There 
siderable precipitated granular material in Bow- 


was con- 
man’s space. Between the cross sections of the 
cortical proximal convolutions the intertubular 
not prominent. 
Both the large veins and the arteries of the cortico- 


capillaries were particularly 
medullary junction were, however, engorged with 
blood. 

Whereas the epithelium of the proximal con- 
volutions of the previously described case was es- 
sentially normal, there was now present diffusely 
throughout the cortex a definite swelling of the 
epithelial cells, and their protoplasm showed ir- 
regular variations in density without, however, the 
Although the epi- 
thelial protoplasm was increased in its granu- 


occurrence of definite vacuoles. 


larity, no large, discrete hyaline droplets were 
present. 


* * * * * 


In this individual, who died somewhat later in 
the course of the disease than the previous case, 
a definite increase in renal structural change is 
apparent. 
tense, though the excess blood is quite clearly con- 
tained within the dilated straight vessels of the 
There is also a marked congestion 


The subcortical congestion is more in- 


outer medulla. 
of glomerular capillaries and somewhat less of the 
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cortical intertubular network, and both the large 
arteries and veins are greatly distended. One has 
the impression, since there was no general visceral 
congestion observed post mortem to account for 
the excess blood in the kidney, that dilatation of 
an atonic intrarenal vascular bed had, by a reduc- 
tion in peripheral resistance, flooded the entire 
organ. 

The other advance in the development of the 
renal lesion concerned the epithelium of the proxi- 
mal convolutions. Throughout their length there 
was noted a frank protoplasmic disturbance. 


* * * * 


Case 14 was a man admitted on the third day 
of his illness with a temperature of 105° and a 
blood pressure of 128/70 mm. Hg; on the third 
day in the hospital it fell suddenly to 90/74. 
Three units of serum albumin were given. The 
urine showed a 3 + proteinuria; on an intake of 
800 cc. his urinary output was 2280 ce.; the BUN 
was 24 mg. per cent. 

The renal lesion may be briefly summarized as 
similar to the preceding case, except that the con- 
gestion was more closely limited to the subcortical 
medulla, and the protoplasmic swelling of the cells 
of the proximal convolutions was more pro- 
nounced. 

A further development of the disturbance in the 
cortex of the kidney was noted in Case 20. This 
man died of primary shock on the seventh day of 
his illness in spite of the repeated administration 
of infusions over a period of 3 days of serum al- 
bumin to a total amount of 8 units. There was 
no fluid intake ether than by these infusions, and 
there was a urinary output in 4 days of 1060 cc. 
His urine was negative for protein for the first 5 
days; then a trace appeared increasing in a few 
hours to 4+. BUN on entrance was 22.9 mg. 
per cent, and on the day before death, 85.0 mg. 
per cent. 

Histological examination showed the subcorti- 
cal congestion and in the cells of the proximal 
convolutions the protoplasmic disturbance that has 
previously been described ; the latter had advanced 
to the formation of definite vacuoles. In addition, 
irregular areas of edema were scattered through- 
out the cortex, the cross sections of tubule being 
widely separated by collections of fluid (Figure 
8). The cells of the proximal convolutions in 
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the congested subcortical zone were filled with 
large hyaline droplets. 

Case 26 was admitted on the third day of his 
illness with a temperature of 105°; his urine was 
free of protein. Shock intervened almost im- 
mediately and continued in spite of the ad- 
ministration of 16 units of serum albumin over a 
On the fifth day of his illness, 

His urinary 
460 cc.; the 
died in shock 


period of 3 days. 
the urine showed a 4 + proteinuria. 
output during hospitalization was 
BUN rose to 69 mg. per cent; he 
on the sixth day of the disease. 

At autopsy, massive retroperitoneal edema was 
noted. The prosector was impressed by the 
“dark appearance” of the subcortical congestion. 
Histological examination showed this congestion 
in the form of dilated but intact intertubular ves- 
sels; congestion was not excessive in the cortex. 
The glomeruli were normal but the capsular spaces 
contained considerable amounts of precipitated 
protein. The most abnormality 
noted was the marked swelling of the tubular epi- 
thelium in the cortical portions of the proximal 
Vacuolization was extreme, large, 


pronounced 


convolutions. 
clear, rounded spaces extending through the en- 
tire depth of the epithelial cells (Figure 9). 
The terminal segments of proximal convolutions 
that lay in the subcortical zone of dilated intertu- 
bular vessels were less swollen; their lumens con- 
tained considerable amounts of clear, coagulated 
protein in which were enclosed bubble-like spaces 
and many desquamated cells with pyknotic nu- 
clei. The cells which still lined the compressed 
tubule were filled with hyaline droplets. 

The increasing alteration of the epithelium of 
the proximal convolution described in the pre- 
ceding three cases appeared at a maximum in an 
individual (Case C) who, entering the hospital 
with a temperature of 105.8° on the third day of 
his illness, went into shock on the following 
morning. In spite of treatment, including the 
administration of 3 units of serum albumin and 3 
units of Dextran, he succumbed with pulmonary 
edema on the eighth day. The maximum hemato- 
crit on the first day of shock was 64.2 per cent, 
falling on the seventh day to 32.9 per cent; in 5 
days the intake of fluid was 10,505 cc., the uri- 
nary output, 1300 cc. A 4+ proteinuria de- 
veloped and the BUN rose from 21.4 mg. per 
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cent on the fourth day reaching 250 mg. per cent 
on the day preceding death. 

At autopsy the kidneys showed a moderate 
degree of cortico-medullary congestion. Retro- 
peritoneal edema was present. 

On histological examination the usual dilation 
of the intertubular capillaries in the cortico-medul- 
lary zone was observed. The most striking alter- 
ation was an extreme swelling of the epithelium 
of the proximal convolutions. The finely granu- 
lar cytoplasm of the cells appeared as if in- 
flated, resulting in a 
into the lumen of the tubule ; the brush border was, 
however, preserved, as were the nuclei which were 
displaced towards the base of the cells. This in- 
tense swelling of tubular epithelium was sharply 
limited in its distribution to the proximal convolu- 
tion, the epithelium of the ascending limbs being 
essentially normal (Figure 10). It extended into 
Bowman's space, which was in part obliterated 


protrusion of their apices 


by the protrusion of the foamy cytoplasm of the 
cells of its parietal layer; the epithelium covering 
the tuft was not involved (Figure 11). No hya- 
line droplets were observed in the altered epi- 
thelium of the proximal convolutions. 


* * * * * 


The evolution of the renal lesion as shown by 
the development of structural alterations in the 
preceding four cases is evidenced by two phenom- 
ena; increase in the intertubular congestion of the 
cortico-medullary zone, and a swelling of the 
proximal convolutions. The latter has the histo- 
logical appearance of an increased hydration of 
the protoplasm of the epithelial cells which reached 
the point of vacuolization. 

The increase in subcortical congestion took the 
form of a spread in the extent of involved areas 
rather than in a progressive dilatation of indi- 
vidual channels. In the less far advanced lesion, 
the groups of dilated intertubular vessels were 
widely spaced on a background of less affected 
medulla and had therefore the normal distribution 
of the horsetail-like strands of capillaries which 
result from the subdivision of each of the large, 
straight efferents from juxta-medullary glomeruli 
in the lower cortex (11). Originally forming 
isolated clusters, the addition of dilated 
capillary radicles at their periphery resulted in 


more 


their fusion to a more or less continuous band 
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which in the end separated cortex from medulla. 
The congested zone thus occupied the entire outer 
stripe and extended into the inner stripe of the 
outer zone of the medulla. The altered vascular 
pattern is therefore that which might result from 
a continuing flow of blood into abnormal inter- 
tubular vessels that had lost their tonicity; the 
localized distinctiveness of this pattern will be 
considered later. 

Swelling of the tubular epithelium and _ proto- 
plasmic disturbances in its cytoplasm have not re- 
ceived great attention in considerations of the 


pathogenesis of acute renal failure and are fre- 


quently dismissed under the stock description of 
“cloudy swelling” with the implication that the 
importance of this at times dubious histological 
lesion is not great. Funck-Brentano has corrected 
this arbitrary view in his thesis on the physiopath- 
ological mechanisms of anuria in the acute neph- 
ropathies (12). In experiments on rabbits, oli- 
guria and anuria were found to follow the infu- 
sion of serum containing 50 per cent glucose, 
whereas no such effect was produced by infusions 
of serum containing 9.9 per cent NaCl. Sections 
of the anuric kidneys showed a marked swelling 
of the epithelial cells of the proximal convolutions 
very similar to the illustrations of the swollen 
epithelia in Figures 10 and 11. He concludes that 
the swelling is due to cellular hyperhydration 
which is derived as an effect of alterations in the 
osmotic pressure of the plasma; this he demon- 
strates by a corrected freezing point determina- 
tion. Similar changes in the freezing point of 
the plasma were noted in human clinical examples 
of the oliguric phase in acute renal failure. There 
are no data available on plasma osmolarity in 
EHF, but the results of Funck-Brentano’s experi- 
ments in the production of epithelial lesions by 
modification of osmotic factors and consequent 
shifts in hydration of cells are remarkably similar 
to those seen in EHF. 

In Case 20 of the preceding group there is noted 
for the first time in our description of the renal 
lesion the occurrence of hyaline droplets in the 
epithelial cells of the proximal convolutions, and 
these objects will be found in many examples that 
follow. A consideration of their significance in 
this report would lead to a considerable digression. 
We shall therefore only state that in our opinion 
these droplets do not represent an effect of the 
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disease processes, though these do modify the 
conditions of their formation, but rather are the 
result of a therapeutic procedure, namely, the ad- 
ministration of large amounts of human serum al- 
bumin. The hyaline droplets are in other words 
regarded not as the products of some hypothetical 
cellular “degeneration” but as droplets of ab- 
sorbed modified protein similar to those which 
form in the cells of the proximal convolutions of 
experimental animals which have been given 
similarly large injections of homologous plasma 
proteins (13). Since the droplets are therefore 
not considered an essential feature of the renal 
lesion of EHF, the data concerning them will be 
presented elsewhere in a general discussion of hy- 
aline droplet formation in human renal disease 
and its significance in the metabolism of the plasma 
proteins. 


* * * * * 


The three remaining cases from the Hypoten- 
sive Phase of EHF show increasing structural 
change of the nature so far described and the de- 
velopment of another aspect of the renal lesion 
that is to assume predominating proportions and 
result in grave renal damage in later stages of the 
disease, namely, the ill effects of the vascular dis- 
turbance on the tubules of the nephrons. 

Case A developed fever and nausea the day af- 
ter his discharge from the hospital following an 
acute appendectomy from which he had appar- 
ently recovered with an uneventful convalescence. 
Two days after readmission to the hospital a 
Douglas’ pouch abscess perforated and drained 
spontaneously; he then went into shock. An 
intra-abdominal hemorrhage was suspected but 
none was found on laparotomy. Transferred to 
the EHF hospital in shock, he received 5 units of 
albumin and other treatment with little effect, and 
died on the fifth day. He was anuric during his 
last hospitalization; his BUN rose to 64 mg. per 
cent. 

At autopsy the kidneys presented the usual sub- 
cortical congestion and the anterior lobe of the 
pituitary was hemorrhagic. 

Histological examination showed that in the 
renal cortex the epithelium of the convoluted tu- 
bules was greatly swollen and vacuolated, resem- 
bling the alterations illustrated in Figure 9; 
there were few if any hyaline droplets in their 


EPIDEMIC HEMORRHAGIC FEVER 


109 


epithelial cells except as the convolutions ap- 
proached the cortico-medullary boundary. In the 
area of subcortical congestion the excess blood 
was still contained within widely dilated capillary 
spaces. The straight tubules in this region were 
filled with great numbers of what appeared at 
first glance to be “hyaline casts”; these also ex- 
tended upwards in the medullary rays (Figure 
12). Collecting tubules in the deeper parts of the 
medulla and papillae showed only moderate num- 
bers of casts. 

The terminal medullary segments of the proxi- 
mal convolutions which lay in the congested sub- 
cortical zone were compressed and crowded to- 
gether though their lumens were irregularly 
dilated and filled with hyaline material. These col- 
lections on closer examination did not have the ap- 
pearance of solid casts, the great majority being 
composed of an albuminous fluid which had, un- 
der the influence of the fixative, coagulated in 
bubble-like configurations containing debris and 
desquamated cells (Figure 13). The epithelial 
wall lying contiguous to the entrapped fluid was 
infiltrated with eosinophilic material; its cells 
were disarranged, in part desquamated, and 
showed pyknotic nuclei. The protoplasm of the 
better preserved cells was crowded with hyaline 
droplets of varying size. 

Similar changes were noted in Case 21, who was 
admitted with a typical 3-day history of EHF and 
a temperature of 103°, a blood pressure of 118/58 
mm. Hg, and 1 + proteinuria. After an unevent- 
ful 24 hours, his hematocrit abruptly rose to 59.0 
per cent, and his blood pressure fell to 86/64 mm. 
Hg with a pulse of 140. In spite of 5 units of 
serum albumin and other supportive treatment, 
he died in primary shock on the next day, the 
sixth day of the disease. 

At autopsy there was marked retroperitoneal 
edema; the kidneys presented the typical appear- 
ance of subcortical congestion and there was a 
gross hemorrhage in the anterior pituitary. 

Histological examination showed the usual 
swelling and vacuolization of the proximal con- 
volutions in the cortex and scattered areas of in- 
tertubular edema similar to those illustrated in 
Figure 8. In the markedly congested subcorti- 
cal medullary zone the terminal proximal convo- 
lutions and ascending limbs were compressed and 
filled with hyaline material and desquamated cells. 
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The intact epithelium of proximal convolutions 
was filled with hyaline droplets ; these and the en- 
trapped fluid are shown in the dissected speci- 
mens of Plate II. 
limited to this region but extended throughout 
the entire length of the proximal convolutions up 


Droplet formation was not 


to the glomeruli, so that every cross section of 
them in the cortex was filled with large Gram 
positive droplets (Figure 14). The integrity of 
the cells, even when crowded almost to bursting, 
was apparently preserved for, when visible among 
the massed droplets, their nuclei appeared normal 
(Figure 15). 

Essentially similar alterations were observed in 


the kidneys of Case 8. This man was admitted 


with a typical 5-day history and a temperature of 
103°. On the sixth day he went into shock and 
in spite of treatment, including the administration 
of 4 units of albumin in 24 hours, he died on the 
next day. His urinary output was 1410 cc.; there 
was a 3 + proteinuria. 

At autopsy the usual subcortical congestion and 
pituitary hemorrhage were present. The histo- 
logical appearances were very similar to those de- 
scribed in the previous case, hyaline droplets filling 
the cells in cross sections of proximal convolu- 
tion throughout the cortex as well as in the termi- 
na! segments where entrapped albuminous ma- 
terial was concentrated. 


* * * * * 


A résumé may now be given of the development 
of the renal lesion as it is seen during the first 
week of EHF, a period including the Febrile and 
the Hypotensive Phases of the disease, in indi- 
viduals where its further evolution was arrested 
by death from circulatory collapse. Combining 
the physiological, clinical and pathological data, 
the following would appear to be the course of 
events. 

In the Febrile Phase, which initiates the clini- 
cal syndrome, the physiological evidence of high 
clearances indicates that renal blood flow is either 
normal or increased. In the transition from the 
Febrile to the Hypotensive Phase, various clinical 
phenomena appear which indicate widespread 
damage to small vessels, capillaries and venules; 
the intense and increasing flush of the skin and 
mucous membranes and, more certainly, widely 
dilated nail bed capillaries detectable by micro- 
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scopic examination (14) are indications of loss 
of arteriolar tone and vasodilatation. It is note- 
worthy that skin hemorrhages in the form of 
petechiae develop somewhat later. A rising he- 
matocrit without corresponding increase in serum 
protein concentration and the post-mortem find- 
ing of T-1824 which has escaped into massive 
retroperitoneal edema are conclusive demonstra- 
tions that plasma is now leaking from the dam- 
aged vessels. The abrupt occurrence of a heavy 
proteinuria, which in the Febrile Phase had been 
insignificant or absent, shows that the renal capil- 
laries as well are involved in this general vascular 
lesion. 

Renal blood flow now decreases as indicated by 
a depression of clearances (2, 3); this may occur 
independently of general circulatory collapse and 
is exaggerated when primary shock intervenes, as 
it did in all the cases of this series. The result of 
this decreased flow through the kidney is, how- 
ever, quite different in case of EHF than it is in 
the individual with normal renal vessels who suf- 
fers a similar circulatory depression as a result, 
In both instances there 
is one factor in common—the distinctive anatomi- 


say, of surgical shock. 


cal pattern of the vascular bed in the subcortical 
zone of the medulla; in the kidney of EHF, how- 
ever, this peculiar vascular bed is abnormal since 
the vessels which compose it are both atonic and 
permeable. 

The vascularization of the medulla has been the 
object of extensive anatomical and_ functional 
study in recent years. The older descriptions of 
the arteria rectae which supply it from efferents 
of glomeruli in the juxta-medullary zone of the 
cortex have been amplified by the studies of 
Trueta, Barclay, Daniel, Franklin, and Prichard 
(li), which demonstrate their relatively large 
diameter. In extensive anatomical and physio- 
logical experiments, Block, Wakim, and Mann 
(15) have revealed the complexity of the reactions 
that occur in the subcortical zone to various ab- 
normal situations, in particular those of shock and 
related conditions. Barrie, Klebanoff and Cates 
have described this vascular bed most aptly as the 
“arcuate sponge” (16) and have pointed out the 


possibility of free communication by sinusoids be- 
tween the arcuate arteries, the medullary network 


and the veins. 
Although there have been some differences in 
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interpretations of the functional effects of these 
anatomical peculiarities, our examination of the 
disturbed renal circulation in the acute renal fail- 
ure associated with traumatic and toxic injury 
(10) agrees in both its experimental and patho- 
logical aspects with the more detailed and exact 
studies of Block,Wakim, and Mann (15). These 
investigators point out three constantly occurring 
phenomena in their varied experiments in which 
the renal circulation was disturbed by electrical 
stimulation of the renal nerves, sudden clamping 
of the renal artery, injection of substances such as 
epinephrine, and the reduction by hemorrhage of 
the mean arterial pressure: 1) when renal vaso- 
constriction operates in a renal vascular disturb- 
ance it appears to be limited to the cortex alone; 
2) under conditions of sharply decreased blood 
pressure and flow in the kidney the medulla may 
become congested even though blood is not flow- 
ing through it ; such an appearance, therefore, does 
not of necessity indicate an actual “shunting” of 
the renal circulation past the cortex through the 
medulla into the renal veins; and 3) in all situa- 
tions, as the blood flow fails, it is best preserved 
in the cortico-medullary zone of the kidney. They 
further point out that from the anatomical stand- 
point two paths are present for the flow of blood 
into the medulla—the long arteriolae rectae and 
the general network of peritubular capillaries 
which supply the cortico-medullary region. When 
renal blood flow is reduced, most of the flow from 
the cortex into the medulla is through the peritu- 
bular network into the cortico-medullary region 
with a corresponding decrease through the longer 
arteriolae rectae which pass to the deeper medulla. 
Blood flow may, therefore, continue into but not 
through the cortico-medullary region under cir- 
cumstances in which flow is reduced to a mini- 


mum elsewhere in the kidney. 

If, in the light of these considerations, one con- 
siders the situation in EHF in which after the in- 
creased influx of blood of the Febrile Phase, a 
reduction of flow ensues in a renal vascular bed 
which is atonic, dilated and permeable to the es- 
cape of plasma, it is evident how and why the 
intertubular vessels of the “medullary sponge” 
become so intensely engorged with blood in spite 
of the decrease in RBF which characterizes the 
Hypotensive Phase. As is illustrated in Figure 
6 the contents of the subcortical capillaries be- 
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come an almost solid mass of entrapped red blood 
cells. Plasma which has escaped through the ab- 
normally permeable vessel walls is found in areas 
of intertubular edema which may extend into the 
medulla (Figure 5) and, by means of medullary 
rays, into the cortex (Figure 8). 

The effect of these circulatory disturbances on 
the nephrons is already apparent in the studies of 
individuals who died in primary shock. In the 
earliest example (Case 38, Figures 1 and 2) they 
were so minimal as to be of doubtful significance 
as a factor in the renal lesion. If death from cir- 
culatory collapse had not occurred, it is reasonable 
to suppose that a return of renal blood flow would 
have resulted in complete restitution of a normal 
renal status. In most of the examples of the Hy- 
potensive Phase described, however, there was 
definite and increasing evidence of damage to 
nephrons, so that here again the structural changes 
and the physiological aspects of the renal lesion 
correlate with the clinical indications of a begin- 
ning “renal failure” that were shown in the rise of 
BUN. 

The earliest tubular alterations to develop, pres- 
ent indeed in slight degree in Case 38, were swell- 
ing and subsequent vacuolization of both the cor- 
tical and medullary portions of the proximal con- 
volutions. Except for the increase in volume of 
the renal cells and a decrease in the density of their 
cytoplasm which reached its maximum in Case C 
(Figures 10 and 11), there was no great altera- 
tion of their configuration; their nuclei appeared 
normal. One might suppose, therefore, that here 
again the renal lesion is reversible. 

The similarity in appearance of the swollen epi- 
thelium of the Hypotensive Phase to the changes 
produced by Funck-Brentano by experimentally 
altering the osmolarity of the plasma has been 
noted. Whereas in his experiments hyperhydra- 
tion of the epithelium may be considered the chief 
factor in the cause of oliguria, acting either directly 
by luminal compression or indirectly through a 
modification of renal blood flow from increased 
intrarenal tension, the relations are less simple in 
the case of EHF. Decreased urine flow was ir- 
regularly observed during the Hypotensive Phase 
but not the definitive oliguria to be described later, 
so that incidental factors, such as variations in 
cardiac output, fall in blood pressure, decreases in 
renal blood flow and consequent glomerular fil- 
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tration would seem to be alternative explanations 
for the variation in renal output in the earlier 
phases of the disease. 

If the effects of cellular swelling and the pres- 
sure of engorged intertubular capillaries had not 
greatly interfered with urine flow through the lu- 
men of the tubule, they nevertheless had produced 
their deleterious effect on the integrity of the 
nephrons. This was apparent in the irregular 
compression, dilatation and entrapment of protein- 
aceous urine and desquamated epithelial cells in 
the terminal medullary segments of the proximal 
convolutions, as illustrated in Figure 13 and Plate 
II. 

In EHF, these tubular changes in the subcorti- 
cal zone are the first evidences of a destructive 
damage to the nephrons which increases to irre- 
versible and irreparable alterations in later stages 
of the renal lesion. 


THE RENAL LESION IN THE PERIOD OF TRANSITION 
(The Incidence of Intertubular Hemorrhage ) 


The transition from the Hypotensive Phase to 
that of Oliguria is characterized by physiological 
and clinical phenomena which indicate that es- 
caped plasma is returning to the circulation: the 
hematocrit falls, retroperitoneal edema decreases 
and direct measurements of plasma volume are 
higher. 
tory recovery, fatal “transition shock” may oc- 


In spite of these evidences of circula- 


cur, apparently due to arteriolar dysfunction (9, 
p. 695). Eight fatalities occurring under these 
circumstances appear in this series; all of these 
showed the development of a structural alteration 
previously unencountered. 

This characteristic lesion of the Transition Pe- 
riod was the appearance of hemorrhage in the 
congested subcortical zone. Whereas in the previ- 
ous Hypotensive Phase the excess of blood was 
contained within greatly dilated intact intertubu- 
lar vessels (Figures 4 and 6), foci of exudative 
hemorrhage were now seen scattered widespread 
through the area of congestion. 

Case 39 was admitted on the fourth day of his 
illness with a temperature of 101°, a blood pres- 
sure of 100/80 mm. Hg and a 4+ proteinuria. 
He went into shock shortly after admission and 
remained in circulatory collapse, with remissions, 
in spite of 9 units of serum albumin and other 
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treatment until his death on the seventh day. On 
the fifth day, his hematocrit was 49.5 per cent. 
His urinary output was 150 cc. the day before 
death and the BUN was 50 mg. per cent. Cer- 
tain details of his clinical course are shown in 
Text Figure 4. 

At autopsy there was only a moderate retro- 
peritoneal edema; the kidneys showed the typical 
congestion of the cortico-medullary zone, and 
the usual extensive hemorrhage was present in 
the anterior pituitary. 

The general condition of the kidneys was an 
exaggeration of what has been observed in the 
more severe cases during the Hypotensive Phase. 
Swelling and epithelial alteration of the proximal 
convolutions and scattered focal areas of inter- 
tubular edema were present in the cortex (Figure 
16) ; entrapment of albuminous fluid and desqua- 
mated epithelial cells was seen in the straight tu- 
bules of the subcortical zone of congestion (Fig- 
ure 17), which, along with irregular areas of 
intertubular edema, extended into the deeper 
medulla reaching the papillae. The ducts of 
Bellini were filled with renal failure casts (Fig- 
ure 18). 

In the subcortical zone of congestion, many 
capillaries, though packed with red blood cells, 
were intact; though the outlines of the vessels 
were still visible, the intertubular spaces between 
certain tubules contained free red blood cells. 

Three other cases, 8, 4 and 27, were so similar 
in their clinical behavior and in the nature of the 
pathological lesions found at autopsy that a de- 
scription of them would be needlessly reiterative. 
All showed a somewhat higher elevation of BUN ; 
on admission the BUN figures were 27, 49 and 12 
mg. per cent, respectively, and on the day before 
death, 117, 117 and 122 mg. per cent. Proteinuria 
showed a similar increase from 1 + on admission 
to 4 + on the day of death, which occurred on the 


ninth day of illness in the first case and the eighth 
day in the other two. 

Case 28, who died of transition shock on the 
tenth day, illustrates the acme of intensity in the 
He was ad- 


renal lesion present in this series. 
mitted on the fifth day of his illness with many 
petechiae and a 3 + proteinuria. He immediately 
went into shock. In spite of temporary improve- 
ment under the usual treatment, which included 


the administration of 16 units of concentrated se- 
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Text Fic. 4. Case 39— EXAMPLE OF TRANSITION SHOCK IN HEMORRHAGIC FEVER 


Note the dependency of blood pressure on pressor therapy and the relative ineffectiveness of serum al- 


bumin therapy despite minimal increase in hematocrit. 


rum albumin in 72 hours, he passed from one 
episode of shock to another, 14 in all, to death on 
the tenth day. The hematocrit was 53.5 per cent 
on the first day of hospitalization, and 51.3 per 
cent on the day before death. A urinary output 
of 200 cc. was noted on the first day and “less 
than 50 cc.” in the remaining period. Blood urea 
nitrogen was 58.5 mg. per cent on the day pre- 
ceding death. 

At autopsy only a moderate retroperitoneal 
edema was observed; the kidney showed extreme 
subcortical congestion and there was a hemorrhage 
in the anterior pituitary. 

Histological examination showed the subcorti- 
cal zone to be the seat of widespread infiltrative 
hemorrhage ; the intertubular capillaries, which in 
examples of earlier stages of the disease were 
widely distended but whose endothelium was still 
intact, were now no longer visible as distinct 
channels. The fibrillar remnants of their walls, 
however, could be seen scattered through the ir- 
regular spaces which, densely packed with red 


blood cells, isolated each tubular cross section 
from its neighbor. The enclosed tubules were 
compressed and distorted and their epithelium 
necrotic and desquamated so that the character- 
istic cellular pattern of the various tubular seg- 
ments was lost (Figure 19). 

This intense vascular disturbance separated 
the cortex by a broad band from the deeper 
medulla ; it was not, however, confined to the sub- 
cortical zone. Extending into the cortex with de- 
creasing intensity as the capsule was approached 
were extensions of the same extreme congestion 
and frank intertubular hemorrhage (Figure 20). 
In the areas free of congestion and hemorrhage, 
the epithelial cells of the proximal convolutions 
showed the usual swelling and vacuolization of the 
earlier periods; in tubules surrounded by infil- 
trating hemorrhage, necrosis of portions of the 
entire wall including the basement membrane was 
apparent (Figure 21). The intact epithelial cells 
of the proximal convolutions were crowded with 
great numbers of hyaline droplets, both in the 
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cortical convolutions and in those few terminal 
straight segments in the subcortical zone which 
were better preserved. 

Congestion, hemorrhage and tubular necrosis 
also extended deep through the medulla into the 
papillae. Straight tubules, including collecting 
ducts, were thus isolated and compressed; their 
epithelium and even the basement membranes 
were necrotic over great stretches of their extent 
(Figure 22). The large ducts of Bellini were sur- 
rounded by widely dilated vascular spaces and 
scattered areas of hemorrhage, and contained re- 
nal failure casts (Figure 23). 

Dissection of nephrons showed the nature and 
widespread distribution of the tubular damage, 
and in particular its topographic relation to the 
subcortical zone of intertubular hemorrhage. 

In Plate III, A to D, all that remained of a 
proximal convolution is shown; the degree and 
extent of irregularly scattered tubular disruption 
as observed when a continuous tubule is examined, 
rather than in the interrupted cross sections of a 
histological section, are apparent. Beginning at 
the origin of the convolution, its cellular pattern 
is markedly disturbed as can be appreciated by 
comparison with the more normal convolution of 
Plate 1; nuclei are obscured in the disintegrating 
cytoplasm of the tubular epithelium, which forms 
irregular masses of deeply stained material alter- 
nating with areas of more lightly stained disrupted 
tubular wall. The lesion increases in intensity 
(Plate III, B and C) as the straight segment 
leaves the cortex and enters the subcortical zone. 

Here the tubule thins to a bare basement mem- 
brane which ultimately disappears as its course is 
interrupted by complete disintegration (Plate 
IID). An exact determination of the percentage 


of proximal convolutions thus physically inter- 


rupted was impossible since the lesion consists of 
a gradual attenuation of the tubule in which a few 
fibrillar remnants indicative of its former course 
remain. Such remnants are so fragile that they 
cannot be dissected, and though in a sense they 
might be considered still existent, they certainly 
can have none of the functional attributes of a tu- 
bule, even the mechanical effect of constituting a 
confining channel for fluid. Regarded from this 
simplest of tubular functions, only a few intact 
terminal proximal convolutions could be found 
in the zone of hemorrhage. 
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As previously mentioned, the hemorrhagic area 
formed an almost continuous band between the 
cortex and deeper medulla, and extended to the 
papillae by irregular infiltrations. Within these 
extensions of the hemorrhage all tubules showed 
in varying degree the deleterious effect of pressure 
and anoxia. In Plate IV a fairly intact loop of 
Henle lying within the hemorrhagic zone is shown, 
throughout the course of which irregular stretches 
of damages are evidenced by cellular detritus and 
the obliteration of nuclear detail; at the bend of 
the loop the tubule is filled with a dense coagulum 
which stains black. 

Dissected collecting tubules passing through 
the zone of hemorrhage, though they had _ pre- 
served their external configuration, were in great 
part entirely necrotic, showing nothing of the dis- 
tinctive clear cellular pattern which characterizes 
these structures; their luminal space was filled 
with debris and densely black stained casts ( Plate 
V). 

Returning to a description of the cortex in which 
lay portions of nephrons which, in relation to the 
direction of urine flow, lay both before and beyond 
the interrupting band of subcortical hemorrhage, 
it was evident that the tubules distal to the zone 
were not only much better preserved than the 
severely damaged terminal proximal convolutions 
which lay in it, but in general were less severely 
affected than the first portions of the cortical prox- 
imal convolution which led directly from the 
glomeruli. 

In Plate VI, the origin of a collecting duct is 
shown with four ascending limbs which, passing 
into distal convolutions, join by way of connecting 
tubules to form the peripheral origin of the col- 
lecting system. All these structures lay in the 
outer cortex beneath the capsule and were not in- 
volved by the irregularly scattered hemorrhagic 
infiltration that the subcortical 
zone. It will be noted that all these tubules are, 
compared to the severe damage illustrated in the 
cortical portions of proximal convolutions ( Plate 
III), relatively well preserved. There is, there- 
fore, as in all examples of acute tubular necrosis 
and renal failure, no preferential damage to the 
“lower nephron” but rather the reverse. The 
normal cellular pattern of the ascending limbs 
that lie in the cortex is visible although some are 
dilated and contain coagulated material and debris. 
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Text Fic. 5. A Renat Losuce From Case 28 WuHo Diep oF TRANSITION SHOCK ON THE TENTH Day 


Note the extensive subcortical intertubular hemorrhage with extension into the cortex. 


Necrosis of tubules within 
the involved areas. 


Heavy black, glomeruli and casts within tubules; cross-hatching, necrosis of tubules; small 
Many terminal proximal convolutions end by disruption in 


circles within tubules, desquamated cells and debris. 
the zone of hemorrhage. Magnification 18 x. 


x | | (ery 


JEAN OLIVER AND MURIEL MACDOWELL 


6 10 


Text Fic. 6. Case 42—ExXAmMPLE oF FATALITY IN SEVERE PriMARY SHOCK 


IN Hemorruacic Fever Despite Continuous L-ARTERENOL 


INFUSION 


This patient was in severe shock when admitted and blood pressure was 
unobtainable until given both plasma volume expander and an infusion con- 


taining a large amount of L-arterenol. 
the infusion resulted in marked decrease in blood pressure. 


Accidental stopping or slowing of 
The severe 


shock that followed the second episode did not respond to further plasma 
volume expanders or heroic pressor therapy. 


The distal convolutions are also dilated, and 
though cellular detail is obscured by the intense 
black staining of the solid coagulum that distends 
their lumens, occasionally a flattened but intact 
epithelium is visible. The connecting tubules are 
not dilated and in most instances are free of 
black stained coagula ; this dense material appears 
again in the peripheral collecting tubu'es and, ob- 
scuring cellular detail, fills the remaining portion 
of the collecting duct. 

Text Figure 5 shows a reconstruction of a lobule 
from camera lucida drawings of dissected neph- 
rons; it may be compared with Text Figure 3, a 
similar reconstruction of the earlier stage which 
showed so little departure from normal topographi- 
cal relations. The important features now noted 
are: 1) the presence of an irregular band of hemor- 
rhage separating cortex from medulla; 2) the ex- 
tension of the congestion and hemorrhage to the 
papillae on the one hand and, in diminishing scat- 
tered areas, to the surface of the kidney on the 
other; 3) the interruption by necrosis of the ma- 
jority of all the tubules, terminal medullary seg- 
ments of proximal convolutions, descending and 
ascending limbs—both broad and thin—and col- 
lecting tubules, which pass through the zone of 


hemorrhage ; and 4) the dilatation with coagulated 
proteinaceous material of those tubules which lie 
in the cortex distal to the zone of hemorrhage. 

The clinical course of Case 42 is shown in Text 
Figure 6; admitted in a state of shock on the fifth 
day of illness, he died in 10 hours in spite of treat- 
ment that included the administration of 34% units 
of serum albumin and 500 cc. Dextran; 400 cc. of 
urine were passed. At autopsy a moderate retro- 
peritoneal edema was present as well as the usual 
subcortical congestion in the kidney and hemor- 
rhage in the pituitary. 

Histological examination showed an_ intense 
hemorrhagic infiltration throughout the cortico- 
medullary zone. The outlines of the intertubular 
capillaries could not be made out, red blood cells 
filling the spaces between the cross sections of tu- 
bules in densely packed masses. Congestion and 
hemorrhage extended deep into the medulla and 
also into the cortex. Many of the proximal con- 
volutions in the cortex were filled with hyaline 
droplets; the nuclei of the cells containing them 
were well preserved. In the areas of subcortical 
intertubular hemorrhage the tubules were com- 
pressed and distorted and their epithelial walls 
destroyed. 
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The two remaining cases, which showed mas- 
sive intertubular hemorrhage in the congested 
cortico-medullary zone, and which were consid- 
ered clinically to have died in the late Hypoten- 
sive Phase or in the Transition Period of shock, 
may be briefly mentioned, as the renal lesions were 
essentially similar to those which have been de- 
scribed. Case 17 survived for 10 days, the last 5 
days of which he was in more or less continuous 
shock in spite of intensive treatment which in- 
cluded the administration of 12% units of serum 
albumin during the last 4 days. During this period 
he passed 190 cc. of urine; it is of interest that his 
urine had been free of protein during the Febrile 
Phase until the fifth day, when, with the onset of 
the Hypotensive Phase, it suddenly showed a 4 + 
proteinuria. 

Case 1 was admitted on the fifth day of illness 
with a blood pressure of 90/60 mm. Hg, and died 
the next morning in shock. Two units of serum 
albumin were given; with a total fluid intake of 
1500 ce., his urinary output was 390 ce. 

The structural changes were essentially similar 
in these two cases. Intense subcortical intertubu- 
lar hemorrhage was present with extension into 
the papillae and less to the cortex, with tubular 
destruction not only in the medullary zone but 
scattered irregularly throughout the cortex and 
deep medulla. In the individual who had received 
12% units of human serum albumin, the cells of 
the better preserved convoluted tubules were filled 
with droplets ; these were present but sparse in the 
other, who had been given 2 units. 


* * * * * 


Since the period covered by the group of cases 
just described is by definition transitional from the 
Hypotensive to the Oliguric Phase, a discussion of 
the structural findings can be postponed until the 
full development of the renal lesion in the next 
period has been given. An important correlation 
between clinical and pathological aspects should 
be noted in passing; as the clinical phenomena re- 
quired the special recognition of an interim be- 
tween two major phases in the term Transition 
Period, so the finding of a distinctive structural 
element, intertubular hemorrhage, sets this period 
off pathologically in the evolution of renal lesion. 
There has been no need for such a subdivision in 
descriptions of general Acute Renal Failure, for 
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no such structural distinction in the form of sub- 
cortical hemorrhage occurs. 

As will become apparent when the functional ef- 
fects of this new development are described, its 
importance in the ultimate fate of the kidney as a 
collocation of nephrons is critically determinative. 


THE RENAL LESION IN THE PHASE OF ESTABLISHED 
OLIGURIA 


(Infiltrative Intertubular Hemorrhage and Stasis ; 
Tubular Necrosis and Intrarenal 
Obstruction ) 


Intertubular hemorrhage resulting from increas- 
ing congestion that proceeds to ultimate stasis in 
damaged terminal vessels is not, by the nature of 
its origin, a sudden event but a gradual infiltration 
that develops at varying rates depending on the 
severity of both congestion and vascular damage. 
It is not surprising, therefore, to find its structural 
and functional effects spread over three phases of 
the renal lesion, the late Hypotensive, the Transi- 
tion Period and the Oliguric Phase. 

Ten cases, each of whom died on or between the 
eighth to eleventh days, presented the clinical char- 
acteristics of an established oliguria and showed 
the full development of the renal transformation 
of EHF. The physiological disturbances, in par- 
ticular the detail of fluid balance, of a typical ex- 
ample, Case 23, are shown in Text Figure 7. All 
cases showed the lesions which have been noted 
above in our description of those who died in late 
primary or transition shock, 1.e., a subcortical zone 
of intertubular congestion and hemorrhage with 
extension of both to the deep medulla and in lesser 
degree to the cortex, with tubular disruption of 
those portions of nephrons which were included 
in the affected areas. 

All ten cases showed in addition, however, an 
added structural change which characterized the 
Phase of Established Oliguria pathologically, 
namely, a marked dilatation of the cortical tubules 
of the nephrons. This is illustrated in Case 31, an 
individual who entered hospital on the fourth day 
of his illness, went through the Hypotensive Phase 
with shock, for which he received 2 units of albu- 
min, and passed into the Oliguric Phase in which 
he died on the eleventh day with a BUN of 184 
mg. per cent. His fluid intake during the last five 
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Case 23—ExXAMPLE OF DEATH IN SECONDARY SHOCK DuRING OLIGURIC PHASE OF 


HEMORRHAGIC FEVER 


Primary shock on fifth day during Hypotensive Phase was mild. Subsequent slight increase of hemato- 


crit was presumably due to dehydration rather than to continued capillary leakage of plasma. 


On the seventh 


day the patient developed right lower lobe pneumonia and hyperpyrexia that precipitated shock not respon- 


sive to therapy. 
no retroperitoneal edema. 


days was 4184 ce. and his urinary output was 360 
ce. 

Histological sections showed a wide dilatation of 
all tubules in the cortex. In the case of the dilated 
proximal convolutions, the distention reached 
Bowman’s space with a resulting compression of 
the glomerular tuft (Figure 24). Not only those 
portions of the nephrons lying proximal to the 
zone of medullary hemorrhage were distended but 
the cortical ascending limbs and distal convolu- 
tions, the latter containing cellular debris, were 
also dilated. The relation of this tubular dilatation 


At autopsy characteristic findings of hemorrhagic fever were present, although there was 
In addition, a patchy pneumonia chiefly in the right lower lobe was noted. 


to the compression of the subcortical zone of 
hemorrhage is shown in Figure 25. 

The effects of the dilatation of all the cortical 
portions of the nephron are shown in dissected 
specimens in Plate VII, A to D. The wide lumen 
of the proximal convolution is clearly apparent 
throughout its entire length, as can be seen by 
comparison with Plate I; the stretching of the 
epithelial wall increases the space between the nu- 
clei, and so exaggerates the cellular pattern. The 
epithelial cells are, however, fairly well preserved. 
As its terminal segment approaches and enters the 
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subcortical region of congestion it narrows to one- 
third its previous diameter and is lost in the inter- 
tubular hemorrhage. A portion of ascending limb 
and the distal convolution from the cortex, which 
was originally entwined with the dilated proximal, 
and which was therefore known to be the continu- 
ation of the same nephron, show an equal dilata- 
tion; there is some dark stained material in the 
distal convolution. 

In Case 25 there was more than the usual cellu- 
lar damage in proximal convolutions, and evi- 
dences of beginning repair were visible both in 
regenerative mitotic proliferation of epithelium 
(Figure 26) and in the ingrowth of interstitial 
granulation tissue into the disrupted tubule lu- 
mens. Case 41 showed somewhat less dilatation 
of the lumens of the cortical tubules, and scattered 
areas of intertubular edema (Figure 27). The 
remaining cases showed the general picture of 
cortico-medullary hemorrhage and dilatation of 
cortical tubules above it, but added nothing further 
towards the elucidation of the renal lesion. 


* * * * * 


It is in the Phase of Established Oliguria that 
the structural and functional lesions of EHF reach 
the height of their evolution. When the structural 
changes in the nephron are thus fully established 
they appear to constitute an irreversible status, 
for though a “kidney” of sorts might evolve from 
those nephrons which by the fortunate circum- 
stance of their location had escaped the effects of 
congestion and hemorrhage, the reconstitution of 
nephrons whose middle half has been destroyed 
would seem impossible. We shall see in later 
descriptions that the attempt is made, but the ap- 
propriate anastomosis of four frayed ends of fragile 
tubule lying loose in a mass of interstitial hemor- 
rhage under considerable pressure is on the sheer 
basis of probability unlikely, even when the po- 
tentialities of repair are present. It would seem, 
therefore, that the renal lesions we have seen in 
the fatal cases of established oliguria could not 
have existed in similar quantitative relations in the 
great majority of those suffering from EHF, for 
they survived and went on to eventual recovery. 

In the earlier stages of the syndrome tubular 
damage was evident in the general swelling and 
vacuolization of the epithelium of the proximal 
convolution, whereas in the Transition Period and 
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Oliguric Phase the tubular alteration consists of 
localized physical disruption; the two lesions are 
therefore quite different in their structural aspect. 
Though the early epithelial changes are of the 
sort that have been classically derived from “toxic 
action,” there has been no demonstration of a 
toxin in EHF other than the hypothetical sub- 
stance which acts on the small blood vessels. Dis- 
turbances of circulation, however, are clearly visi- 
ble at this time, so that it seems reasonable to ac- 
cept them as the cause of the early epithelial 
damage. 

Structural interruption of the nephrons involves 
proximal convolutions, ascending and descending 
limbs of Henle’s loops and collecting tubules indis- 
criminately. The damage is confined to the areas 
of congestion and hemorrhage, and so lies chiefly 
in the medulla, but is also present extensively 
throughout the cortex when the circulatory dis- 
turbance has spread to this area. Here again, it 
would be difficult to explain this random distribu- 
tion in terms of the direct action on the renal epi- 
thelium of a nephrotoxic poison derived, hypo- 
thetically, from the infectious agent of the disease. 
The histological appearance of the epithelial lesion 
is also not that of nephrotoxic damage, in which 
epithelial cells, absorbing the poisonous substance, 
die and desquamate within a tubule still maintained 
by an intact basement membrane. There has oc- 
curred, rather, a disruption of the entire tubule 
wall, the tubulorhexic lesion characteristic of the 
kidney of Acute Renal Failure (10). The in- 
ference seems certain, therefore, that the tubular 
lesions of EHF, both early and late, are the re- 
sult of circulatory disturbances. This conclusion 
does not, of course, rule out the primacy of an 
infectious agent or its products as the cause of the 
vascular disturbances, for recent experiments by 
Thal (17) in the production of bilateral cortical 
necrosis by means of staphylococcus toxin show 
how ‘this may be produced in the kidney and so 
result indirectly in extensive tubular damage. 
There are many similarities between the nature 
of the tubular lesion in his experiments and what 
is seen in the kidney of EHF; the differences in 
topographical distribution seem less important, 
for, as Thal points out, “cortical necrosis” is not 
so restricted as the descriptive term would sug- 
gest, nor are the tubular lesions of EHF limited 
to the medulla. 
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There is evidence that the circulatory disturb- 
ance acts on the tubule by means of two deleterious 
forces; the first, and perhaps less important, is 
physical pressure, and the second is anoxia fol- 
lowing the congestive stasis and the infiltrative 
intertubular hemorrhage which has produced a 
cessation of circulation in the involved areas. 

Evidences of pressure, especially on the more 
sensitive proximal convolutions, were seen in the 
earliest stages of the renal lesion where there was 
only a simple and moderate congestion of the 
terminal vessels of the subcortical zone. With an 
increase in vascular distention the effect of in- 
creasing intertubular pressure was evident in the 
compression and consequent entrapment of pro- 
teinaceous fluid in the lumens of the terminal 
proximals that lay in the involved area (Figure 13 
and Plate II] ), and its final effect is demonstrated 
by the “intrarenal hydronephrotic” tubular dila- 
tation which ultimately develops in the definitively 
oliguric kidneys (Figure 24). This dilatation in- 
volved all the tubules lying in the cortex above 
the subcortical zone of pressure and included not 
only proximal convolutions which are, in regard 
to the direction of urine flow, proximal to the 
zone of compression in the medulla but also the 
distal convolutions, cortical ascending limbs and 
peripheral collecting tubules which lie distal to it. 

This apparent paradox of postobstructional dila- 
tation arises from current misconceptions of the 
topographical arrangement in the human kidney 
of nephrons of varying length. In most diagrams 
(Peter, 18, Figure 63) two types of nephrons are 
shown, short-looped and long-looped, both of 
which pass through the outer stripe of the outer 
zone which in EHF is the zone of hemorrhage. 
If this were an accurate and complete picture 
of the human kidney, the distal convolutions and 
collecting tubules would be cut off from the source 
of glomerular filtrate and could not dilate. As a 
matter of fact, the human kidney contains a very 
considerable number of nephrons similar to those 
shown in Peter’s diagram of the pig’s kidney (18) 
which turn within the cortex and never reach the 
medulla. An example is given in our Plate VIII, 
A to C; many have been shown elsewhere (19) .4 


4 Work in progress in this laboratory on quantitative as- 
pects of the morphology of nephrons shows that their 
classical subdivision in the human kidney into two arbi- 
trary groups of “long-looped” and “short-looped” neph- 


In a kidney with a zone of subcortical obstruc- 
tion glomerular filtrate can therefore flow through 
uninterrupted cortical nephrons to the point of 
origin of the collecting system (cf. Plate IXA) and 
from thence to all distal portions of the neighbor- 
ing nephrons which are connected with it, even 
when they have been shut off from their normal 
source of filtrate by the zone of medullary hemor- 
rhage. This retrograde flow is in fact favored by 
the obstruction in the lower collecting system 
which itself passes through the obstructing zone 
of hemorrhage. 

The question may be asked why then do not 
all kidneys which suffer extensive disruption of 
their nephrons, such as, for example, Case 28 of 
the Transition Period, show extensive tubular 
dilatation in their cortices. The answer would 
seem to be that for dilatation to occur there must 
be an adequate source of filtrate; a comparison of 
Figures 20 and 24 suggests that in the former 
case the extreme cortical congestion and hemor- 
rhage is incompatible with a sufficient glomerular 
circulation and consequent formation of filtrate. 
Thus a lesion which interrupts tubules in the 
medulla yet spares the circulation in glomeruli is 
necessary for the development of the tubular pat- 
tern observed in the Phase of Established Oliguria. 

The discussion of these minutiae concerning fluid 
flow in damaged nephrons would seem to warrant 
attention not so much for an importance inherent 
in their functional effect—for in both the situations 
described above urinary output was similarly les- 
sened—but as illustrating how the same or simi- 
lar pathological processes can by variation in their 
temporal or spatial relations modify or even 
change the direction of the evolution of the renal 
lesion. In the examples cited it was a spatial re- 
lation ; in the ensuing Phase of Diuresis it is tem- 
poral. In any case, the simple statement that this 
lesion or that is present in a section of kidney 
is meaningless as a description of the structural- 
functional renal status. 

The structural evidence of physical impedance 
to the flow of urine through the nephrons is of 


rons is a considerable and, as in the present case, at times 
misleading oversimplification. Our findings show that 
the loops of nephrons are indeed of varying length but 
that this variation can be described by a normal fre- 
quency distribution curve rather than by absolute cate- 
gories; in short, some loops are longer than others. 
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interest to others in addition to the theoretical pa- 
thologist. The clinical observers who noted vary- 
ing degrees of reduction in urinary output in the 
earlier Hypotensive Phase recognized the distinc- 
tive and definitive character of the oliguria which 
ensued in the later period, and so designated it to 
the Phase of Established Oliguria. The structural 
findings show that the distinction is real, since it 
is based on a difference in causal mechanisms. 
In the earlier Hypotensive Phase no structural 
lesion other than evidences of disturbed circulation 
was present in the kidney to account for decreases 
in urinary volume, and it is therefore reasonable 
to suppose that factors such as variations in tis- 
sue hydration, cardiac output, renal blood flow and 
glomerular filtration were responsible for this 
variable oliguria. In the later phase, what “es- 
tablished” the oliguria is clearly evident in the 
compression and destruction of tubules and the 
obstructional dilatation of nephrons that followed. 

Of greater importance than pressure effects in 
the production of tubular damage is the anoxia 
that results from the stagnation and cessation of 
blood flow in the widely dilated and abnormally 
permeable intertubular capillaries of the sub- 
cortical zone. It would appear likely that the 
blood is moving with some difficulty under such 
circumstances as are shown in an earlier period 
in Figure 6, where crowded red blood cells are 
packed to a solid hyaline mass. Any doubts that 
circulation may cease entirely under these condi- 
tions have been answered by the conclusive ex- 
perimental demonstration of Thal (17), who in- 
jected India ink into the general circulation of the 
living rabbit with an analogous renal “stagnation 
hyperemia” and found that it did not penetrate 
into vascular channels which were similarly dis- 
tended and packed with red blood cells. The 
further evolution of the congestive lesion in EHF 
through diapedesis to frank, diffuse intertubular 
hemorrhage ends, therefore, in stasis. 

Under the conditions here described we are 
dealing with what Ricker, in his classical study of 
the nature and effects of local circulatory disturb- 
ances (20, p. 96 et seq.), would have called “rote 
stasis,” and from the late irreversible stage of this 
rubrostasis he would have derived the “Seques- 
trationsnekrose” that interrupted the course of the 
nephrons. It is of particular interest in our prob- 
lem that in his examination of these effects in 
various tissues and organs he chose, in the case of 
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the kidney, the necrosis that is produced experi- 
mentally by injection of vinylamin. This toxic 
agent differs from other renal poisons by produc- 
ing necrosis of tubules‘in the medulla rather than 
in the proximal convolutions of the cortex. 

Ricker points out that the lesion of vinylamin 
poisoning begins in the papilla with a “prastatisch” 
hyperemia followed by diapedesis of red blood 
cells, and progresses to “Stasis” and eventual 
“Dauerstasis.” The vascular disturbance in his 
experiments extended to the subcortical zone, and 
in one instance to the cortex, with resulting ne- 
crosis of tubules in the involved areas. His con- 
clusion that the tubular damage cannot be the re- 
sult of either a functional secretion or absorption 
of the poison by epithelial cells, as was suggested 
by Oka (21), or due to specific “affinity” for the 
poison as Levaditi (22) assumed, has been con- 
vincingly confirmed by subsequent evidences that 
proximal convolutions, Henle’s loops and collect- 
ing tubules cannot be considered functionally 
similar; hence it would not seem likely that they 
should all absorb a poison similarly or, much less, 
be given to the same “affinities.” We can accept, 
therefore, Ricker’s explanation that the tubular 
necrosis is a phenomenon of’ ischemic seques- 
tration due to the anoxia of the vascular disturb- 
ance;° with his broader conclusion that local cir- 
culatory disturbances are mediated through the 
nervous system we need not here be concerned. 


THE RENAL LESION IN THE PHASE OF DIURESIS 


(Intertubular Hemorrhage; Tubular Disruption 
with Evidences of Resolution, Regeneration 
and Repair) 


The remaining cases in this series show struc- 
tural changes that should be considered as illustra- 
tive of the effects of the passage of time on the 


5 Ricker also compares the action of vinylamin with 
that of mercury, which damages the proximal convolu- 
tions; this effect he also derives from circulatory disturb- 
ances and not from direct nephrotoxic action on the epi- 
thelium. Here, modern studies, histochemical and phar- 
macological, do not support his contentions, though it 
should be noted that he anticipated a later demonstration 
(10) that the vascular element of ischemia may play 
an important if subsidiary role in the production of tubu- 
lar damage (tubulorhexis) in renal lesions of poisoning. 
A recent study by Lindegard and Lofgren (23) has con- 
firmed and extended these observations by demonstrating 
an irregular cortical ischemia not only in the anuric 
phase of mercuric poisoning but also in its diuretic phase. 
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fully developed lesions of the Oliguric Phase rather 
than as representative of the exact picture of the 
Diuretic Phase observed by the clinician during 
the recovery of the great majority of his cases. 
If the individual in the Oliguric Phase does not 
die of secondary shock, dehydration, electrolyte 
imbalance or infection by the eighth to tenth days, 
but survives another week or two, the processes 
of resolution, regeneration and repair, as in all 
pathological complexes, begin their automatic op- 
eration. <A part of these mechanisms of restitu- 
tion is the functional phenomenon of diuresis. 
As the pathologist sees them, the progress of these 
processes, even if in the right direction, is blind 
and in the end futile, and the individual dies of a 
renal failure often obscured by some complication 
such as the infection of a bronchopneumonia, the 
hyperkalemia of electrolyte and fluid imbalance, or 
a cerebral accident. It would seem unlikely that 
these complications can be merely incidental to the 
renal lesion, but rather it seems that in some man- 
ner, either directly or indirectly, renal insuffi- 
ciency is the basis of their development ; for in all 
the examples studied, though the complications 
were various, the renal lesion, with its grave 
structural damage and evidence of functional in- 
adequacy in a BUN elevated at times to over 400 
mg. per ceni, was constant. 

What happens then in the great majority, 95 
per cent of all cases of EHF, has not been seen; 
the description of the typical kidney in the survi- 
vor must therefore be deduced and reconstructed 
on a hypothetical basis, and will be further con- 
sidered in our discussion. 


* * * * 


As happens not infrequently in the descriptions 
of passage from one phase of a disease to the next, 
our first case, D, might well have been classified 
as an example of a renal lesion at the end of the 
Oliguric Phase; he survived, however, 15 days 
and as the urinary output, though continuing low, 
increased somewhat on the last day but one of his 
life, the description was clinically placed under 
the title of the Diuretic Phase and will be here 
so considered. As will be seen, there is no evi- 
dence of restitution of disrupted nephrons and in 
general the renal lesion resembles that observed 
in the previous phase. 

This patient was admitted on the fourth day of 
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his illness with a typical history of the Febrile 
Phase. The next day he abruptly developed a 4 + 
proteinuria. From the seventh to the tenth day he 
was in the Hypotensive Phase with repeated 
shock that responded poorly to treatment; an es- 
tablished oliguria followed but the urine volume 
increased from around 15 cc. in 24 hours to 250 
cc. on the day before his death. On the twelfth 
day dialysis by the artificial kidney reduced the 
serum K from 6.9 to 4.2 mEq. per L. but the pa- 
tient lapsed into coma, his temperature rose and 
coughing with bloody purulent sputum developed ; 
a bronchopneumonia was confirmed by X-ray ex- 
amination. On the day before his death, the fif- 
teenth day of illness, the BUN was 484 mg. per 
cent. 

At autopsy the kidneys weighed 300 gm. and 
showed the typical and fully developed lesion 
of subcortical congestive hemorrhage with deep 
medullary involvement. There was a_ bilateral 
bronchopneumonia with multiple small abscesses 
containing Gram positive cocci, scattered hemor- 
rhages in the right atrium, gastrointestinal tract, 
the cerebral hemispheres and pons and the an- 
terior pituitary. 

Histological examination showed that congestive 
hemorrhage was extreme in the subcortical zone 
and had extended irregularly and deeply into the 
medulla, reaching the papillae (Figure 28). In 
the outer zone there was an almost complete de- 
struction by necrosis of all tubules contained in the 
areas of hemorrhage, and these, coalescing, sepa- 
rated cortex from medulla (Figures 29 and 30). 
Extending downward into the infarct-like area of 
hemorrhagic infiltration could be seen wisp-like 
unoriented remnants of straight tubules; their 
walls were disrupted and in great part bare, but 
scattered along the denuded basement membranes 
were huge, atypical nuclei with intensely stained 
chromatin (Figure 31). Mitotic figures were fre- 
quent. The intensity of this excessive regenera- 
tive proliferation distorted the tubular configura- 
tion so that it was impossible to accurately identify 
the parts of the nephron concerned in histological 
section. 

In the cortex the characteristic dilatation of the 
Phase of Established Oliguria was still present 
(Figure 32), involving Bowman’s space and both 
proximal and distal convolutions; it will be re- 
called that in this patient’s “diuresis” only 250 
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cc. per 24 hours was draining from the renal tu- 
bules. The epithelium of the proximal convolu- 
tions was not only thin but cellularly atypical ; its 
nuclei were not round, but oval, and were irregu- 
larly distributed in the tubule wall, in some places 
forming islands of excessive proliferation (Figure 
33) ; the appearance was that of a regenerated epi- 
thelium. Moreover, the tubules were more widely 
spaced than normal (cf. Figure 1) and the inter- 
stitial tissue was infiltrated with mononuclear cells 
and fibroblasts. The glomerular tufts were large 
with widely dilated capillaries that contained dis- 
crete, apparently circulating red blood cells. 

The topographical aspect of the lesions just de- 
scribed is shown in the dissected nephrons. Plate 
VIII, A to C, shows a complete cortical nephron 
with a short loop that did not extend into the sub- 
cortical zone of intertubular hemorrhage and is 
therefore uninterrupted. As in all examples of 
acute renal failure associated with traumatic and 
toxic injury, the tubule is damaged from glomeru- 
lus to collecting tubule. As is usual, the damage 


is more severe in the proximal convolution than in 


the so-called “lower nephron,” consisting of scat- 
tered areas of tubulorhexic disruption with the 
lumen containing desquamated epithelial cells. 
Where disruption has not occurred, the wall is 
composed of a heavily stained, irregularly thin 
layer of atypical, regenerated epithelial cells quite 
different from the plump, evenly contoured cells 
of the normal tubule (cf. Plate 1). The transition 
to the loop of Henle is abrupt and there is, as in 
all cortical nephrons, only a suggestion of a thin 
portion. From here on through the loop and as- 
cending limb and distal convolution the tubule 
is greatly dilated with clear tubule fluid and con- 
tains desquamated cells and debris. As is so 
often the case, the short connecting tubule is less 
distended. 

Plate IX, A to E, shows the peripheral collect- 
ing system from its origin in a junction of con- 
necting tubules of five nephrons that lay beneath 
the surface of the kidney to its destruction in the 
hemorrhagic zone of the subcortical medulla. 
The connecting tubules of 9 nephrons in all, filled 
with black stained material that obscures their 
epithelial pattern, join to form a collecting tubule 
which is empty. In many instances the collecting 
tubules contained similar material, but this ex- 
ceptional example was chosen for illustration be- 
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cause it shows the cellular pattern more clearly. 
It will be observed that the epithelium is not 
disturbed until the proximity of the subcortical 
zone of hemorrhage is approached ; scattered par- 
ticles of cellular debris then appear in increasing 
numbers until, in the substance of the hemor- 
rhagic zone, a complete necrosis and coagulation 
of the entire tubular wall is evident. The tuning- 
fork juncture with a neighboring collecting tubule 
which is similarly affected is well shown; below 
this point the single common duct contains black- 
stained material. 
section in other cases of similar, completely ne- 
crotic collecting tubules which have nevertheless 
maintained their external configuration is shown 
in Figures 22 and 29. The general architectural 
pattern of the kidney is shown in Text Figure 8 in 
a reconstruction of the renal lobule composed of 


The appearance on histological 


camera lucida tracings of dissected nephrons. 

In Case 43 a frank diuresis had been established 
for the last five days of the patient’s life, and the 
renal lesion has special interest because, of all the 
examples of this phase of the disease that came to 
autopsy, in this one alone resolution of whatever 
structural damage had occurred had reached at 
least the point at which one might imagine a chance 
of eventual functional restitution to be possible. 
The resulting “kidney” of such a problematical 
restitution would, however, have been severely 
deficient in its “reserve” of nephrons. 

The patient entered hospital on the third day of 
his illness in the Febrile Phase with a temperature 
of 103.6°, and on the fifth day went into typical 
shock of the Hypotensive Phase with the hemato- 
crit reaching 66 per cent. With appropriate treat- 
ment he passed through this episode to the Oligu- 
ric Phase, in which his average daily urinary out- 
put was approximately 100 cc. with a BUN rising 
to 280 mg. per cent. His blood pressure also 
rose (170/106 mm. Hg), and the hypervolemic 
syndrome accompanied by 5 convulsions followed. 
Daily urinary output increased rather abruptly in 
24 hours on the twelfth day from 190 to 1000 ce. 
and reached 4600 cc. the day before his death. 
During this terminal period he presented the diffi- 
cult problem in water and electrolyte balance of a 
“limited homeostasis” illustrated in Text Figure 9, 
so that the margin between dehydration with the 
threat of secondary shock and ample hydration 
with impending pulmonary edema was represented 
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Text Fic. 8. A Renat Losute From Cast D Wuo Diep on THE First Day oF THE DivurETIC PHASE 


Note the persisting subcortical hemorrhage with destruction of tubules. Heavy lined proximals indicate re- 
generated atypical epithelium (cf. Figure 33 and Plate VIII A) ; other symbols as in Text Figure 5. Magnification 
18 X. 
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Text Fic. 9. Cast 43—Examp.e or Limitep Homeostasis DuriNG Druretic PHASE oF HEMORRHAGIC 


OUT: Urine — 4930 ml 
SUMMARY OF Vomitus_—_570 mi 
FLUID. BALANCE ~ TOTAL — 5500 ml 
FOR 37 HOURS GROSS BALANCE + 160 mi 


— 750 mi 
— 590 ml 


INSENSIBLE LOSS 
NET BALANCE 


FEVER 


These observations were made on fourteenth and fifteenth days of illness. 
The patient was very dehydrated at the start of the observations, having been 
Note the response of shock and blood pressure to increased fluids 

Also note decrease in blood pressure between the thirtieth and 


day, 24 hours after study. 
in negative fluid balance for many days. 
between the eleventh and fifteenth hours. 


thirty-fifth hours when output was allowed to exceed intake. 


Death occurred on the sixteenth 


Pulmonary edema occurred in last period 


when intravenous fluids were increased even though net balance was just barely positive during this time. 


by a net negative fluid balance of 600 cc. During 
episodes of hypotension and shock the diuresis dis- 
appeared and urinary output was at oliguric lev- 
els, to rise again to 4000 cc. when arterial pressure 
was restored by nor-adrenalin. The last BUN 
taken the day before his death had decreased to 
173 mg. per cent, and there was only a trace of 
protein in a urine of 1.011 specific gravity. 

At post mortem there was found a confluent 
bronchopneumonia, hemorrhages in the right 
atrium, cerebral hemispheres and basal ganglia, 
and in the anterior pituitary. The gross appear- 
ance of the renal lesion is summarized in the au- 
topsy protocol as “lower nephron nephrosis, 
slight.” 


(Note: Right-hand column, bottom line in 30 to 35-hour box should be cross-hatched. ) 


Histological examination showed a marked con- 
trast to the pattern of a general dilatation of all 
cortical tubules seen in the previous stage of es- 
tablished oliguria; the lumens of the proximal 
convolutions and other cortical tubules were not 
widely dilated but contained some granular ma- 
terial, as did Bowman’s spaces of glomeruli which 
were otherwise normal (Figure 34). The proxi- 
mal convolutions were lined with an epithelium 
of the original normal type; there was little evi- 
dence of any regenerative renewal of cells, such as 
the irregularity in thickness and nuclear size and 
shape and staining affinity that characterized the 
epithelium of proximal convolutions in most cases 
at this stage of the disease. The general appear- 
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ance was therefore of a cortex which had never 
been greatly damaged. 

Contrasting, was the alteration in the subcor- 
tical outer stripe of medulla. Extending down- 
ward from the cortex into this zone, which had 
the appearance of a region of resolution of hemor- 
rhage and replacement fibrosis, were the thick- 
ened terminal segments of proximal convolutions ; 
their epithelium was quite atypical, varied in 
thickness and containing many irregularly dis- 
tributed large nuclei (Figure 35). In the broad 
band of the affected region irregular foci of 
typical hemorrhagic infiltration persisted, alternat- 
ing and blending with ill-defined areas where the 
tubules were separated not by masses of red blood 
cells but by cellular fibrous tissue (Figure 36); a 
considerable increase in collagenous fibrils sur- 
rounded atrophic tubules and fused with their 
thickened basement membranes ( Figure 37). Ex- 
tension of the fibrosis could be traced upwards 
into the lower cortex in the form of cellular scars 
which replaced tubules and surrounded glomeruli 
(Figure 38). 

The renal lesions in five cases—two of which, 16 
and 46, died on the fourth day of diuresis, two 
others, 11 and 19, on the ninth day, and one, 29, 
on the eleventh day—showed essentially similar 
lesions to those just described but with more evi- 
dence of previous damage and a lesser degree of 
restitution. In the subcortical zone of the medulla, 
intertubular hemorrhage still persisted in all in- 
stances with intermingled areas of resolution and 
interstitial reaction (Figure 39). In two of the 
five cases, 16 and 46, the epithelium of the cortical 
proximal convolutions was of the original mature 
type; in three, 11, 19 and 29, it resembled a re- 
placement by atypical regenerated epithelium simi- 
lar to that shown in Figure 40; in none were there 
the marked distention and dilatation of tubule lu- 
mens observed in the preceding Phase of Estab- 
lished Oliguria. 

The last two cases were of the longest duration 
that occurred in this series and therefore present 
the maximum effect of the passage of time on the 
renal lesion that was available for observation. 

The first of these, Case 33, died on the nine- 
teenth day of his disease in the tenth day of the 
Diuretic Phase. He had passed through the Hy- 
potensive Phase with two episodes of shock which 
responded to appropriate therapy, and an Oligu- 
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ric Phase of 4 days in which his urinary output 
averaged 250 cc. in 24 hours when the BUN 
reached a maximum of 286 mg. per cent. During 
this period he was hypertensive (158/112 mm. 
Hg). On the ninth day of his illness, diuresis be- 
gan abruptly and continued until his death on 
the nineteenth day, the urinary output ranging 
from 1410 to 4400 cc. in 24 hours. The last 
days of his life were an example of homeostatic 
instability with repeated episodes of dehydration, 
hypotensive shock, fluid replacement and threat- 
ening pulmonary edema. During this terminal 
period he received 11 units of serum albumin. 
Cerebral involvement became apparent, his tem- 
perature reached 104° and he died on the nine- 
The BUN on the day 


teenth day of his illness. 


preceding death had decreased to 145 mg. per 


cent. 

At autopsy a confluent bronchopneumonia in 
addition to hemorrhages in the right auricle, pitui- 
tary, and interventricular septum were present. 
The renal lesion is described as showing “a fairly 
marked degree of congestion and focal hemorrhage 
in the renal medulla.” 

In the histological sections the proximal con- 
volutions in the cortex were lined with an atypical 
epithelium. The lumens were therefore irregu- 
larly widened and contained a moderate amount 
of coagulated material and desquamated cells 
(Figure 40). The contrast in appearance between 
these tubules whose lumens were somewhat in- 
creased by the irregularity of their epithelium and 
the frank and even distention of a tubule dilated 
by internal pressure, as occurred in the Oliguric 
Phase, may be seen in a comparison of Figures 
40 and 24, and of Plates X and VII. Bowman’s 
space was not dilated and the glomerular tufts ap- 
peared normal. The tubules of the cortex were 
widely spaced and the interstices filled with a 
loose fibrous connective tissue in which were 
clusters of round cell infiltration. In the sub- 
cortical zone of the medulla and extending to the 
papillae extensive areas of persisting intertubular 
hemorrhage were seen; in these areas the smaller 
tubules were widely separated and apparently 
reduced in number, but the larger collecting tu- 
bules were not only intact but showed an extreme 
and irregular proliferation of their distinctive 
epithelium, which formed irregular plaque-like 
formations distorting the normally even contours 
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of their lumens (Figure 41). The resulting dis- 
tortions of the terminal collecting tubules and the 
ducts of Bellini entering the pelvis, the latter filled 
in part with renal failure casts, are shown in 
Plate XI. 

Case 18 survived 27 days; he had _ passed 
through the typical Febrile and Hypotensive 
Phases of the disease with only moderate shock. 
On the seventh day of his illness he entered a 6- 
day period of Established Oliguria with hyper- 
tension and a rising BUN that continued without 
remission until his death, reaching a final figure of 
329 mg. per cent. On the twelfth day his urinary 
output increased from 195 to 2175 cc. in 24 hours 
and a moderate but irregular diuresis, at times of 
3000 ce., continued to his death. During this 
terminal period the usual problem of maintenance 
of fluid balance between dehydration and pulmo- 
nary edema was present with repeated episodes of 
secondary shock. In this period he received no 
serum albumin. 

At autopsy, a marked hypostatic congestion and 
edema of the lungs were present with the usual 
hemorrhages in right auricle and pituitary. The 
renal lesion is described as showing the “classical 
medullary hemorrhage with some evidence of 
resorption.” 

Histological examination showed extensive in- 
tertubular hemorrhage in the subcortical region 
extending deep into the medulla. The areas of 
hemorrhage were not continuous, but formed an 
irregular zone in which regions of tubular col- 
lapse and dilatation alternated with definite fibro- 
sis of the intertubular tissue. The dilated tubules 
lying in the fibrous areas extended by medullary 
rays into the cortex and were either empty or 
filled with hyaline material. Proximal convolu- 
tions in the cortex were irregularly dilated ; their 
epithelium was of a normal mature type. The 
glomeruli, save for coagulated material in Bow- 
man’s space, were not remarkable. 


* * * * * 


All of the individuals surviving the phase of 
oliguria for periods varying from 1 to 16 days 
showed widespread evidence of the usual renal 
reparative processes of epithelial regeneration and 
replacement fibrosis; the general dilatation of cor- 
tical tubules was not present. The structural re- 
pair concerned the kidney tissue rather than the 


nephrons, for there had occurred no restitution of 
organ structure in those elements whose continu- 
ity had been destroyed. In Case 43 the histologi- 
cal pattern of the cortex with its glomeruli and 
proximal convolutions appeared not greatly ab- 
normal (Figure 34) and, at least from the struc- 
tural viewpoint, had the appearance of a possible 
functional adequacy even though renal insuffi- 
ciency was still evident in the BUN which had 
decreased from a maximum of 280 to 173 mg. per 
cent. Judging from the amount of scattered scar 
tissue and distorted tubules in both the subcortical 
zone and in the cortex, a considerable number of 
nephrons must have been in part destroyed. 


* * x * * 


Further evidence of the nature of the repair is 
found in an individual who, having recovered 
from EHF, died of causes other than renal in- 
sufficiency 149 days later. 

This patient was first admitted to hospital on 
the third day of his illness with the typical clini- 
cal picture of EHF. On the next day, with a 
blood pressure of 110/90 mm. Hg, a pulse of 112 
and a hematocrit of 60 per cent, he was given one 
unit of serum albumin; from then on the blood 
pressure was stable. On the sixth day, the uri- 
nary output dropped to 25 cc.; on the seventh 
it was 125 cc.; he then became hypertensive (150/ 
100; 170/100 mm. Hg). On the tenth day diu- 
resis of 1700 cc. ensued; the BUN, which had 
risen to 70 mg. per cent, fell to 43 on the twelfth 
day. He was transferred to a hospital in the 
States where, 79 days after the onset of his illness, 
a test of his maximum concentration capacity 
showed a specific gravity of 1.010. During this 
stay in hospital the patient presented symptoms of 
adrenal insufficiency, cardiac irregularity and oc- 
casional “clonic seizures.” In one of these he died, 
149 days after the onset of the attack of EHF. 

At autopsy the anterior pituitary was found to 
be almost entirely destroyed by an old hemorrhagic 
infarction ; the adrenals weighed 6.2 gm.; in histo- 
logical section there was a thinning of the cortex 
with a marked lipoid depletion and areas of necro- 
sis in the zona glomerulosa; the medulla was well 
preserved. The other endocrine glands, save 
for atrophy and maturation arrest of spermato- 
genesis in the testicles, were not remarkable. 
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The kidneys weighed 370 gm.; the surface of one 
was described as smooth, the other as finely 
granular. 

Histological examination showed similar lesions 
in both kidneys, but the cellular scars to be de- 
scribed were more prominent in one. The sub- 
cortical zone of the medulla, which from the his- 
tory may be assumed to have been the seat of 
circulatory disturbances, showed an increase in 
intertubular fibrous tissue and a consequent wide 
spacing of the tubules passing through it. The 
majority of these straight tubules appeared nor- 
mal, but scattered through the denser areas of 
fibrosis were collecting tubules which showed a 
hyperplastic proliferation of their epithelium (Fig- 
ure 42). The deeper parts of the medulla, in- 
cluding the papillae, were free of fibrosis and ap- 
peared normal. Rather different from the acel- 
lular fibrous scarring were other more recently 
appearing wedge-shaped areas of monocytic infil- 
tration and fibrous proliferation which extended 
from mid-medulla through the cortex to the sur- 
face of the kidney. Within the confines of these 
scars remnants of atrophic tubules and glomeruli 
were visible (Figure 43). 


* * * * * 


In the kidneys of this individual who had re- 
covered from the acute episode of EHF there are 
two types of fibrous scarring and tubular destruc- 


tion. The one, present in the subcortical zone, is 


composed of an acellular fibrosis; the other, ex- 


tending from medulla to cortex, is relatively 
afibrous and is filled with an infiltration of inflam- 
matory monocytic cells. The former corresponds 
in location and in its fibrous components with that 
seen in the reparative process in cases of shorter 
duration. The frankly inflammatory nature of 
the latter type of fibrosis seems to be either a new 
element in the pathological complex or a greatly 
exaggerated one, since in the cases formerly de- 
scribed cellular infiltration of an inflammatory re- 
action, though occasionally present, was at a 
minimum. In the present case the noncommittal 
diagnosis of sub-acute pyelonephritis is at least 
warranted ; it is a matter of speculation what re- 
lation it bears to the original lesion of EHF which 
appears to have healed with a benign fibrosis and 
the destruction of a certain number of nephrons. 
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RESUME 


Concurrent with our description of the struc- 
tural changes in the kidneys during the succeed- 
ing phases of EHF have run a discussion of their 
significance as factors in the renal status and a 
critical consideration of the pertinent literature. 
What now follows is an uninterrupted recapitula- 
tion of the course of the disease, attempting a 
chronological synthesis in structural-functional 
correlations that will integrate the renal lesion into 
the clinical syndrome. 

During the first hours of the Febrile Phase the 
individual shows clinical evidence in the intense 
flush of the skin and visible mucous membranes 
of vasodilatation of peripheral small vessels. The 
capillaries of the nail folds are widely dilated; the 
same is apparently true of the small vessels in the 
renal vascular bed, as ERBF is either normal or 
increased. It can be assumed, therefore, that the 
kidney during this first stage is flooded with a 
rapid circulation of blood through vessels which 
are, save for vasodilatation, essentially normal. 
Since only traces of protein are found in the 
urine, it would seem that the glomerular capillar- 
ies have not as yet suffered the characteristic and 
catastrophic lesion of the disease which is to de- 
velop in the next stage. 

This vascular disturbance is revealed in the 
succeeding Hypotensive Phase by the abrupt leak- 
age of plasma from the capillaries, and results 
in a reduced circulating blood volume. It is as- 
sociated with decrease in arteriolar tone so that 
hypotension and shock are the result. The struc- 
tural-functional correlation at this point is clear, 
for at autopsy the escaped plasma is found in the 
retroperitoneal spaces. 

Lowered arterial pressure of shock is a suffi- 
cient cause of decreased renal blood flow, but 
there are also local disturbances in the renal vascu- 
Proteinuria abruptly increases, often 
in the course of a few hours, as evidence of leak- 
age of plasma through glomerular capillaries that 
have undergone damage similar to that which is 
so widely spread throughout the tissues; the cor- 
relative structural aspect of the lesion is seen in 
the precipitate which fills Bowman’s space and in 
the areas of intertubular edema, analogous to the 
retroperitoneal edema, that are found in medulla 
and cortex. Clearances show a sharp reduction in 
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ERBF even in the absence of clinical shock; if 
the latter concomitantly or subsequently occurs, 
as it did in most of the fatal cases, a summation of 
general and local effects operates to reduce renal 
blood flow. 

It is the failure of renal blood flow, previously 
either abundant or excessive in an engorged vas- 
cular bed the arterioles of which have lost their 
tone and whose capillaries and venules are perme- 
able to plasma but not to red blood cells, that is 
responsible for the origin of the characteristic 
renal lesion of the disease. The distinctive locali- 
zation of this circulatory disturbance is due to the 
anatomical and functional peculiarities of the vas- 
cular system of the kidney which have been previ- 
ously described. Even with a reduced blood flow, 
the atonic and permeable vessels of the “medul- 
lary sponge” in the subcortical zone of the me- 
dulla, a region shown to be the last to suffer 
ischemia, are flooded and distended to the point of 
tubular compression. At this stage the circula- 
tion in cortex and deep medulla is not greatly 
disturbed. 

The status of the renal circulation is now that 
which Ricker (20) would have called a “prestatic” 
congestion, for, judging from histological appear- 
ances, the blood within the intact dilated inter- 
tubular capillaries is circulating. There is little 
structural or functional effect other than moderate 
pressure on the tubules in the region of subcorti- 
cal congestion. Urinary output has been irregu- 
larly and variably reduced and follows, in the 
main, alterations of blood pressure and consequent 
renal blood flow. In clinical terms, oliguria has 
not been “established.” 

In the Transition Period and Oliguric Phase, 
clinical evidences accumulate of an intensification 
of the general damage to small vessels and the con- 
sequent escape of more than plasma. Petechiae 
in the skin increase to a maximum on the fifth or 
sixth day; ecchymoses or hematomata at the site 
of trivial trauma, hematemesis, melena and _ he- 
moptysis all appear toward the end of the Hy- 
potensive Phase along with a reduction in plate- 
lets. So in the subcortical zone of the medulla, 
hemorrhage, at first by diapedesis and in the end 
by capillary disruption, infiltrates the renal paren- 
chyma. All tubules in the areas of involvement 
now lie widely separated in a mass of non-circu- 
lating red blood cells. 
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The circulatory disturbance has now passed 
from Ricker’s prestatic phase to that of rubrostasis 
and is accompanied by necrosis of those portions 
of the nephrons which lie in the anoxic areas of 
congestive stasis. This interruption of the intra- 
renal passages which tends to isolate cortex from 
medulla is not complete, however, for it is formed 
by the coalescence of focal areas of congestive 
hemorrhage which arose from the peculiar horse- 
tail configuration of the arteriae rectae of the lower 
glomerular efferents. The tubules of many neph- 
rons and of the collecting system may be preserved 
even in what appears in section to be a severely 
affected kidney. The importance of intact chan- 
nels through the area of destruction for the con- 
tinuation of some flow of urine in the Oliguric 
Phase and for its increase in the Diuretic Phase 
which may follow, is apparent. 

The clinical observation of the development of 
an established oliguria during this period corre- 
lates with the pathological finding of compressed 
and interrupted intrarenal channels. Not only 
are the compression and disruption of tubules 
seen in the subcortical zone of intertubular hemor- 
rhage, but, more conclusive, the effect of that ob- 
struction is evident in the consequent dilatation of 
cortical tubules, both proximal and distal, that 
lie above it. Such retrograde alterations in the 
course of urine flow through the kidney are made 
possible by the presence of intracortical nephrons 
which have escaped medullary disruption. It is 
noteworthy that this distention disappears with 
the onset of diuresis, for it is not present in the 
kidney of those who have passed through a simi- 
lar period and died in the Diuretic Phase. 

Tubular destruction is not limited to the sub- 
cortical zone of congestion; stasis in the arteriae 
rectae reaches the papillae and the tissue lesions of 
hemorrhage and necrosis follow. Extension into 
the cortex is less obvious, yet nephrons from se- 
verely damaged kidneys regularly showed the 
tubulorhexic, disruptive lesions of anoxia through- 
out the proximal convolutions. 

Those who died in the Phase of Established 
Oliguria and in the following Phase of Diuresis 
showed such extensive damage to both nephrons 
and collecting system that any adequate struc- 
tural restitution in their kidneys would seem to 
have been impossible. We have previously con- 


sidered in detail the mechanisms of both struc- 
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tural and functional recovery after the tubular 
necrosis of acute renal failure (24) ; it is unlikely, 
therefore, considering the broad extent of tubule 
that may be destroyed by the tubulorhexic lesion, 
that the repair of the damaged nephrons in EHF 
is possible. Healing, as has been demonstrated 
in the case of acute renal necrosis, is due to forma- 
tion of scars that contain afunctional remnants of 
destroyed nephrons. 

Survival of the 
covery therefore depends on the escape of an ade- 
quate number of nephrons from anoxic necrosis. 
Since 95 per cent of the individuals with EHF 
survive and, in routine clinical examination dur- 
ing convalescence, appear to have recovered nor- 
mal renal function, it follows that the great ma- 
jority never could have developed the extensive 
structural damage that was present in those who 
died in oliguria or later diuresis. In the typical 
case of EHF the turning point towards recovery 
or exitus comes in the Transition Period; if the 
vascular disturbance remains at the level of a pre- 
static congestion with little or only moderate in- 
tertubular hemorrhage and consequent destruc- 
tion of a few nephrons, then a return of adequate 
blood flow is the major requisite for the restitu- 
tion of the renal status. These relations are il- 
lustrated graphically in the lowest subdivision of 
Text Figure 1. Individuals recover from the renal 
lesion of EHF not by repair of nephrons but be- 
cause a great number of their nephrons have not 
been irreparably damaged. 

How frequently future difficulties in renal func- 
tion are to be anticipated in those who have sur- 
vived an attack of EHF remains uncertain until 
exact clearances of suitable 
cases have been accumulated. In all but the 
milder cases some nephrons have most likely been 
destroyed, and it is known that after most forms 
of acute renal failure, in spite of some hypertrophy 
and hyperplasia of the survivors (24), this loss is 
demonstrable for time (25). 
Whether a kidney with such a lessened “reserve” 
is a potential hazard remains speculative ; the one 
available for examination in this series 
showed the lesions of a sub-acute pyelonephritis. 

Since the Transition Period and the Oliguric 
Phase is the time of renal crisis, it would be most 
helpful if some distinguishing clinical character- 
istic or laboratory procedure might be discovered 


individual and ultimate re- 
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that would differentiate the passing “renal in- 
sufficiency” occurring in the Oliguric Phase in 
the individual who ultimately is to recover, from 
the definitive “renal failure” of one who has an 


irreparable destruction of nephrons and is to die. 


Can the former temporary insufficiency be con- 
sidered, for example, a “functional” phenomenon 
in some nature different from an “organic,” ir- 
reversible failure, and if so cannot the two sorts 
of disturbance be distinguished by a refinement 
of clinical or laboratory technique ? 

These questions of differential diagnosis which, 
though they certainly have metaphysical impli- 
cations that need not here concern us, would, if 
answerable, be eminently practical. The prob- 
lem has been examined under experimental condi- 
tions in the perfused frog’s kidney, where a sim- 
plification of the factors involved, if extreme, at 
least makes its consideration possible (26). If 
the conclusions of these experiments are ac- 
cepted, that which has been assumed to be two 
different sorts of disturbed renal activity, “func- 
tional” and “organic,” are not similar; they are 
in fact one and identical and no elaboration of 
technique can make them two. It is true that be- 
cause of present limitations in the scope of 
morphological techniques the visible structural 
aspect of the situation at times differs; if one 
can see a structural alteration, then the differ- 
entiation between the evanescent and the ir- 
reversible renal disturbance may be possible. 
For these reasons it is understandable how an 
“established oliguria” in the clinical sense was 
observed in individuals who recovered; in their 
kidneys some nephrons may have undergone the 
irreversible structural lesions that characterized 
the phenomenon in the pathological sense, but not, 
as in the fatal case, a significant number to pre- 
clude recovery of an adequate renal status. To 
distinguish between the two situations the struc- 
tural alterations evident in a renal biopsy, which 
in the present case was impractical, would be 
required. 

In general, the mechanisms of the two varia- 
tions in urinary output, oliguria and diuresis, are 
similar in EHF to those which operate in the 
classical example of Acute Renal Failure associ- 
ated with various forms of traumatic or toxic 
injury. In both, a decrease and subsequent restor- 
ation of renal blood flow would seem to be im- 
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mediate factors in the production of decreased and 
augmented urine flow. As accessory mechanisms 
that reduce tubule flow in both forms of renal 
damage, increased intra-renal tension from inter- 
stitial edema or swelling of osmotic origin of the 
epithelium of the proximal convolutions must be 
considered, and any “casts” that may be present 
must act as deterrents of tubular flow. 

In contrast to these similarities between the na- 
ture and causes of decreased urinary output in 
Acute Renal Failure and EHF one difference 
has been previously noted; the establishment of 
the oliguria in the latter. Though the factors 
which establish the oliguria, tubular disruption, 
are present in all forms of ischemic renal damage, 
the concentration of its obstructive effect by a zone 
of subcortical hemorrhage is present only in EHF. 

The sudden onset of diuresis, at times from no 
urine excretion to over several liters in 24 hours, 
makes it certain that a circulatory phenomenon is 
concerned and not the restitution of some struc- 
tural element. 

It should be noted that the diuresis observed 
in the fatal cases was not the flood that occurred 
in those who recovered. In the latter instances 
the urinary output commonly stabilized at 6 to 8 
liters per day with an exceptional output of 18 
liters. In the fatal cases here reported, only an 
occasional individual passed as much as 4 liters 
and the more common daily output was around 2. 


This depression in fatal cases of a diuresis that © 


was “normal” in the recovering case is explicable 
by the predominating and persisting effect of the 
structural alterations making for decreased flow 
in the Phase of Established Oliguria, namely, in- 
tertubular hemorrhage and tubular disruption. 
Here again is evidence that the cases which re- 
covered did not have the grave disruptive lesion 
in the nephrons that was observed in the fatal 
cases. 

Variations in urinary volume in Acute Renal 
Failure and EHF are both “glomerular” and “tu- 
bular” in their origins. The glomerular functional 
mechanism is relatively simple, the tuft filtering 
more or less in accord with the flow and pres- 
sure of blood circulating through its capillaries. 
Its functional response to the return of circulation 
is immediate, since its structure has not been 
greatly altered and filtration is a simple process. 
Return of tubular function, absorption of elec- 
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trolyte and water, is slow because of the need of 
elaborate reconstitutions of cellular mechanisms, 
such as the mitochondrial apparatus (24). Hence 
it is the temporal relation of varying responses, 
prompt filtration and delayed reabsorption, to one 
event, the return of circulation, that determines the 
final effect, 7.e., diuresis and loss of elements which 
are normally conserved. 

The tubular element in abnormal variation of 
urine output is more complex, even if we ignore 
the obligatory phase of water absorption which is 
presumed to occur in the distal portions of the 
nephrons or collecting ducts. To do so in our 
problem would seem permissible, since the magni- 
tude of output during the Diuretic Phase points 
to trouble in that portion of the nephron where 
we know by direct observation (27) that 80 per 
cent of the glomerular filtrate is absorbed, namely, 
the proximal convolution. 

The anomalous and paradoxical effects of dis- 
turbances in tubular function are apparent enough 
when attempts are made to examine them indi- 
rectly by means of “clearances” done in mam- 
malian experiments; it is perhaps equally opti- 
mistic to pass to the other extreme of the situation, 
in which the experimental oversimplification of 
examining the problem in the perfused frog’s kid- 
neys may seem excessive. However, certain phe- 
nomena become apparent under these conditions 
which are at least suggestive in a hypothetical 
consideration of the problem in man. 

If a frog’s kidney, lying im situ, is perfused by 
the renal artery and renal-portal vein with modi- 
fied Locke’s solution containing glucose, a nor- 
mal “urine” is formed in which the effects of tu- 
bular function are evident in the hyposthenuria, 
the absence of sugar and, if present in the perfu- 
sate, the secretion and concentration in the urine 
of a dye, neutral red. If a poison, urethane or 
HgCl,, is administered in low dosage to the tu- 
bules alone and their functions are thus moderately 
depressed, there develops a marked increase in vol- 
ume output, a fall in rate of dye excretion, an in- 
crease in total electrolyte elimination, and the ap- 
pearance of sugar in the urine. If the dosage of 
poison is increased the urine volume decreases, 
with no return of sugar absorption or dye secre- 
tion, ultimately reaching zero, and the kidney is 
seen to be swollen and edematous. Histological 
examination of such perfused kidneys shows no 
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frank epithelial structural lesions in the “stage of 
diuresis,” and marked epithelial destruction and 
intertubular edema in the later ‘‘stage of oliguria” 
(28, 29). 

In a tentative manner one might .magine analo- 
gous tubular disturbances operating in the com- 
plexity of the renal lesions of Acute Renal Fail- 
ure and EHF. 
quence of events in the two diseases is reversed, 
oliguria and structural damage of the grave renal 
insult preceding a phase of restitution of renal 
function that is indicated by diuresis when tu- 
bules, still inadequate, fail to absorb the fluid of 
an increasing glomerular filtration that has fol- 
lowed a return of renal circulation. 

As this discussion has progressed comparisons 


Under clinical conditions the se- 


and analogies have continuously presented them- 
selves relating the structural and functional as- 
pects of the renal lesion of EHF to those of the 
renal lesion of Acute Renal Failure which is as- 
sociated with all the various forms of traumatic 
and toxic injury. In another place (30) these 
renal lesions have been compared, in their merg- 
ing patterns that lie between two types of struc- 
tural alteration, nephrotoxic and tubulorhexic, to 
the gradation of spectral bands that, individual, 
yet blend to a continuum; in this spectrum each 
case presents its characteristic signature which is 
derived from the peculiar qualities of its clinical 
origin. On such a spectrum the distinctive ele- 
ments of the renal lesion in EHF, such as its 
prominent Transition Period and the Established 
Oliguria Phase with its causal relation to the 
interruption of urinary channels by the charac- 
teristic subcortical zone of congestive hemorrhage, 
stand out in bright lined contrast; appearances 
both functional and structural, are very similar 
and yet sharply different from those of Acute 
Renal Failure. It would seem possible to re- 
solve this apparent anomaly and rationalize our 
metaphor by the recognition that the renal le- 
sion in EHF is Acute Renal Failure in an indi- 
vidual whose peripheral vascular bed, including 
the renal, is atonic and permeable as a result of 
an infectious disease. Thal’s experiments (17) 
have removed all doubts that infectious noxa can 
produce the vascular disturbance of renal ischemia 
and its distinctive tubulorhexic necrosis. 

There still remains the task of establishing what 
the exact nature of the infectious noxa in EHF 
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It has been shown that it does not have 


may be. 
the characteristics of a histamine-like substance, 
and preliminary evidences of a specific vasodilator 


substance that circulates in the plasma have so 

far proved inconclusive (31). As in the more 

fundamental problem of the nature of the causa- 

tive agent in the disease, it would seem that here 

lies hidden what might prove to be the definitive 

contribution to the understanding of the renal le- 

sion in Epidemic Hemorrhagic Fever. 
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PiatTE I (A To F) 


E 


A complete nephron from Case 38. The orientation of the plates is shown in the line tracing. 
The alterations are so slight that this plate may be taken as showing, except where noted, the 
appearance of a normal dissected nephron stained with iron hematoxylin. 


1A—The nuclei do not stain and so appear as clear round objects; the mitochondrial sub- 
stance stains heavily, the rodlets and granules, individually invisible due to the thickness of the 
tubule, obscure the nuclei in the upper convolutions where, in conformity to the normal gradient, 
they are most concentrated. The glomerulus, dense black due to the mass of its tissue, is 
normal in configuration; the outline of the tuft within the capsule is faintly visible. Original 
magnification 200 X, here reduced to 80 X. 
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Priate IB 


To the right the terminal segment of the proximal convolution. At a, it enters the sub- 
cortical zone of congestion. It is slightly compressed and as a result there is some irregularity 
of staining. To the left, the ascending limb is moderately dilated and consequently its irregu- 
larly thinned wall stains variably. 
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PLaTE IC 


As in IB, the middle third of the terminal segment of the proximal convolution appears more 
dense than normal due to the pressure of surrounding intertubular congestion. 
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Piate ID 


The termination of the proximal convolution to left; the capillary-like thin portion of Henle’s 
loop was swept away during staining. 
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Pirate IE 


The loop of Henle; a remnant of the narrow portion remains and passes into the thick 
portion, which, still descending, turns through the loop into the broad ascending limb visible 
in ID, C, and B. Two small artifactual breaks are present near the loop. 
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Piate IF 


Passage of the thick portion of the ascending limb into the distal convolution which lay inter- 
twined in the proximal convolutions of IA. Except for an irregular dilatation (cf. Figure 1) 
which produces variable staining of its thin wall, the distal convolution is empty and normal in 


configuration. From the top of the plate the connecting tubule, not dilated, joins the origin of 
a peripheral collecting tubule. 
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Portions OF TERMINAL MEDULLARY SEGMENTS OF PROXIMAL CONVOLUTION WHICH 


Priate II. 
Lay IN THE SUBCORTICAL ZONE 


To the left can be seen the essentially normal cellular pattern of the terminal segment from 
the nephron of Case 38 shown in Plate I. Center, from Case 21, the tubule was surrounded by 
intertubular congestion. The cellular pattern is no longer visible for the compressed cells 
are filled with deeply stained hyaline droplets. To the right, a similar tubule from the same 
case. 
be seen. At a the lumen is distended and filled with homogeneous lightly stained proteinaceous 
material. For appearance in histological section of a similar lesion, cf. Figure 13. Original 


magnification of 200 X is here reproduced. 


Droplets are seen throughout; in places the cell outlines filled with droplets can still 
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Pirate III (A to D) 


D 


All that remained of a proximal convolution from Case 28; for orientation, see outline tracing. 


IIIA. The irregularity of the glomerular contours is due to pressure of the cover glass; its 
configuration was normal. Beginning in the first loops of the convolution are irregular stretches 
of tubule ( T ) showing the typical tubulorhexic disruption of anoxia; between these the tubule 
is better preserved. (Compare with Figures 20, 21, and contrast with Plate IA.) Original 
magnification of 200 X, is here reduced to 80 X. 


af 
dat 
bee 
| 
ile 
fie 
q 
176 


: 
5 
j 
i 
- 
} 
- 
™“ 1 ; 
te 
“ 
" 
« 
« 
A 
a" 
a 


Priate IIIB 


To the right, a loop of cortical proximal convolution which entered the zone of subcortical 
congestion and hemorrhage at a; to the left, loops of its medullary continuation show increasing 
disruptive damage. 
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Pirate IIIC. Trermirnat MEDULLARY Portion oF ProxiMAL CONVOLUTION LYING IN THE ZONE 
or HEMORRHAGE 


The entire extent of the tubule is almost continuously necrotic. 
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Piate IIID 


The terminal medullary segment fades into a wisp of necrotic tubule. 
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Pirate IV. A Loop or HENLE FROM THE SAME CASE LYING IN THE SUBCORTICAL ZONE OF 
HEMORRHAGE 


Scattered through the length of fairly intact tubule are seen the tubulorhexic lesions of renal 
ischemia. At a, the bend of the loop, the lumen is filled with solid material. Original magnifi- 
cation of 100 X is here reduced to 40 &. 
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Pirate V. CoL_ectiInG TUBULES OF THE SAME CASE LYING IN THE ZONE OF HEMORRHAGE IN 
THE OUTER STRIPE OF THE OUTER ZONE OF THE MEDULLA 


All show extensive segments of complete tubular necrosis which, with their black stained con- 
tent of coagulated debris, produces a marked irregularity in tubular outline. At left, the luminal 


content is a solid cast, to the right, scattered debris and desquamated cells are visible. Original 
magnification of 100 X is here reduced to 40 and 20 x. 
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Priate VI (A To B) 


B 


Orientation of plates shown in outline tracing. From the same case; the formation of the 
peripheral collecting system by the junction of the connecting tubules of 4 nephrons; 4 others 
have been removed, leaving only their connecting tubules attached. 


VIA. Three distal convolutions (d) filled with coagulum, which stains dense black and so 
obscures the tubule wall, are moderately dilated. The connecting tubules (c) are clear of ob- 
struction, but the central collecting tubule is solid with obstructing material. Note that all these 
tubules, though filled with coagulum, are relatively well preserved as compared to the proximal 
convolution of Plate III, thus showing the typical distribution of the lesions of ischemia in all 
forms of Acute Renal Failure. Original magnification of 100 < is here reduced to 40 x. 
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PLATE VIB. CoNTINUATION oF TUBULES oF VIA 


Note the dilatation of the ascending limbs on the left that lead to occluded distals. The col- 
lecting tubule in the center is filled with deeply stained material. 


a 
4 
: 
be 
? 
= 
‘ 


] 
: 
> 
ve 
: 
~ 


Piate VII (A To D) 


Orientation of plates shown in outline tracing. A nephron from Case 31 in the Phase of 
Established Oliguria showing dilation throughout its length. 


Pirate VIIA. Tue Corticat Portion oF THE PROXIMAL CONVOLUTION 


Bowman's space is distended and the tuft compressed. Note larger afferent arteriole enter- 
ing the “polkissen” and a stub of the narrower efferent. After the first coil of proximal con- 
volution the tubule is irregularly distended with resultant patchy thinning of its wall. Original 
magnification of 200 < is here reduced to 80 x. 
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Pirate. VIIB. Continuation oF Ditatep CorticAL ProxtMaL CONVOLUTION 


Note the irregular thinning of the epithelial pattern in the distended portions. 
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Pirate VIIC. Portions or Ditatep ASCENDING Limp AND Loop 


The tubule is well preserved in spite of distention. 
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Pirate VIID. Tue Ditatep Distat ConvoL_ution, CONTAINING SoME DARK STAINING DEprIs, 
THE CONNECTING TUBULE AND COLLECTING TUBULE ALL WELL PRESERVED 
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Piate VIII (A to C) 


B 


The tracing shows the orientation of the three plates of a complete cortical short-looped 
nephron from Case D, who died in the period of transition from oliguria to diuresis. 


Plate VIIIA. The glomerulus is of normal configuration; the dark spot on the afferent ar- 
teriole is a collection of “myo-epithelial” cells of the juxta-glomerular apparatus. The greater 
part of the proximal convolution is dilated. As a result of atypical regeneration the epithelium 
of its wall is irregular in thickness, and redundant. For histological appearance cf. Figures 32 
and 33. At a there is an incompletely healed tubulorhexic lesion. There are many desqua- 
mated epithelial cells in the lumen of the convolution shown to the left. Original magnification 
of 200 X is here reduced to 80 X. 
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Pirate VIIIB 


To the right the continuation of the proximal convolution which, dilated and containing des- 
quamated epithelial cells, ends at a. At > the thin portion of the loop passes to the thicker 


portion and through the loop ascends toward the distal convolution. 
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Pirate VIIIC. Tue Irrecutarty Ditatep Distat with THINNED WALL 


The linear marks at a are folds that developed as the greatly distended tubule collapsed after 
it was dissected. At } the connecting tubule, less distended, contains deeply stained coagulated 


material. Note that the epithelium covering the coagulated mass is thin but well preserved. 


zi 
i= 
we 

204 

ere : 
| 


: 
fy 
“fos ~ f 
4 
age 
>>, 


Piate IX (A to E) 


E 


From the same case. Orientation of plates in line tracing. 


Pirate IXA. ORIGIN OF THE PERIPHERAL COLLECTING TUBULE SYSTEM 


Five connecting tubules, all filled with deeply stained coagulated material, but intact, which 
lay beneath the capsule in the outer cortex. The cellular pattern of the collecting tubule is 
normal and it is not filled with coagulum. Original magnification of 200 X is here reduced to 
80 X. 
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Pirate IXB. THe Same CoL_ectinG TUBULE IN Mip-Cortex 


Three more connecting tubules join the main tubule which, as shown by its clear cellular pat- 
tern, is intact and empty. To the lower right, a neighboring collecting tubule. 
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Pirate IXC. ContTINuATION OF THE Two COLLECTING TUBULES INTO THE SUBCORTICAL AREA OF 
HEMORRHAGE IN THE OUTER ZONE OF THE MEDULLA 


Below the level a, the damage to the epithelial cells is barely apparent in the loss of clarity 
of the nuclear pattern in the tubule to the left (cf. see Plate IXB), and is obvious in that to 


the right. 
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Pirate IXD. ContTINvUATION OF THE Two COLLECTING TUBULES WITH EXTENSIVE EPITHELIAL 
NECROSIS OF THE GREATER PART OF BoTH 
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PLate IXE. CoNTINUATION OF THE Two CoLLEcTING TUBULES INCLUDING THEIR JUNCTION 
IN Mip-MEDULLA 


Only the external configuration of the two tubules, now entirely necrotic, remains. After the 
tuning-fork junction the tubule continues, necrotic and filled with deeply stained debris. For 
histological appearance of similar necrotic collecting tubules, cf. Figure 29. 


4 
ig 
a 
Ly 
7 
ae 
<A 
| 
4 
| 
2 214 


: 
i 
195 4 
a 
+4 
4. 
| 
af. 
4 
> 
4 
CO 
4 . 
a 
a 
r 
/ 
q 
4 
» 


Pirate X (A to B). Portion oF ProximaL CoNvoLUTION FROM CasE 33 Wuo Diep ON THE 
NINETEENTH Day oF His ILLNESS AND IN THE TENTH Day oF DivrREsIs 


XA 


Although the lumens of the proximal convolutions appear large in histological section (cf. 
Figure 40), as can be seen from the dissected specimen, this is not due to dilatation of the tu- 
bule but to the irregular regeneration of its epithelial wall (a). Original magnification of 
200 < is here reduced to 80 X. 
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Pirate XB. Tue Distat CoNvoLUTION OF THE SAME NEPHRON 


A duplicate print of the glomerulus has been mounted in the position of its attachment to the 
tubule. The ascending limb is essentially normal. The first half of the distal convolution is 
irregularly dilated, the second half filled with a large solid cast-like mass which continues into 
the connecting tubule. 
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Piate XI (A To B). THe TERMINAL CoLi_ecTING TUBULE AND THE Ducts oF BELLINI FROM 
THE SAME CASE 


In the normal kidney these tubules show smooth, even contours with gradually increasing 
diameters. These are markedly irregular both from the presence of the large renal failure 
casts of Addis that intermittently distend their lumen and from the irregular hyperplastic pro- 
liferation of their epithelial cells. Original magnification of 100 is here reduced to 40 x. 
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Pirate XIB. Tue Ducts or BELLINI ENTERING THE RENAL PELVIS 


The foot-like appendage that joins the three ducts below is a reflection of the pelvic epithelium 
which usually remains attached in spite of dissection. As has been observed, the tortuosity and 
irregularity of contour is seen to be due to the masses of debris that fill the lumens as well as 
to the marked hyperplasia of epithelial cells of the walls of ducts. For histological appearance, 


cf. Figure 41. Original magnification of 175 x is here reduced to 80 x. 
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